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ABSTRACT 
Since their commercialization by Sony two decades ago, Li-ion batteries have only 
experienced mild improvement in energy and power performance, which remains one of the main 
hurdles for their widespread implementation in applications outside of powering compact portable 
devices, such as in electric vehicles.  Li-ion batteries must be advanced through a disruptive 
technological development or a series of incremental improvements in chemistry and design in 
order to be competitive enough for advanced applications. As it will be introduced in this work, 
achieving this goal by new chemistries and chemical modifications does not seem to be promising 
in the short term, so efforts to fully optimize existing systems must be pursued at in parallel. This 
optimization must be mainly relying on the modification and optimizations of micro and macro 
structures of current battery systems. This kind of battery architecture study will be even more 
important when small energy storage devices are desired to power miniaturized and autonomous 
gadgets, such as MEMs, micro-robots, biomedical sensors, etc.  In this regime, the limited space 
available makes requirements on electrode architecture more stringent and the assembly process 
more challenging. Therefore, the study of battery assembly strategies for Li-ion microbatteries 
will benefit not only micro-devices but also the development of more powerful and energetic 
large scale battery systems based on available chemistries. In chapter 2, preliminary research 
related to the mechanism for the improved rate capability of cathodes by amorphous lithium 
phosphate surficial films will be used to motivate the potential for structural optimization of 
existing commercial lithium ion battery electrode. In the following chapters, novel battery 
assembly techniques will be explored to achieve new battery architectures. In chapter 3, direct ink 
writing will be used to fabricate 3D interdigitated microbattery structures that have superior areal 
energy density on a limited footprint area. In chapter 4, Li-ion batteries based on the LiMn2O4-
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TiP2O7 couple are manufactured on flexible paper substrates; where the use of light-weight paper 
substrates significantly increase the gravimetric energy density of this electrode couple as 
compared to traditional metal current collectors. In chapter 5, a novel nanowire growth 
mechanism will be explored to grow interdigitated metal oxide nanowire micro battery electrodes. 
The growth kinetics of this mechanism is systematically studied to understand how to optimize 
the growth process to produce electrodes with improved electrochemical properties.  
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CHAPTER 1 
INTRODUCTION 
 
1.1 General background of Li-ion batteries 
Sustainability is one of the core values of envisioned new global economic system based 
on the consensus that available resources and our confined environment cannot afford to maintain 
our current mode of development. One of the main quests in this revolutionary transformation is 
to gradually reduce the reliance on fossil fuels and eventually allow renewable and clean energy 
resources, such as solar and wind power, to become our major energy suppliers.  This transition, 
if it is to be achieved, still introduces several other problems to be solved: elimination of fossil 
fuels does not seriously affect stationary energy consumers such as buildings and public lighting 
systems, but it will require new media to serve as energy carrier and converter to substitute 
combustion engines for vehicle propulsion; the other challenge is that the intermittent nature of 
these renewable energy will embitter the complexity in coordinating and balancing the supply and 
consumption in the grid, and this will require the implementation of more efficient and cost-
effective load-leveling strategy.   Both of these blanks have to be filled with advanced energy 
storage devices and systems with high energy and power densities, long working and shelving 
lives, safe operation and low-cost.  
To date a variety of energy storage strategies and concepts have been developed, such as 
batteries, supercapacitors, fly-wheel and compressed air etc. Amongst these different choices, 
electrochemical energy storage devices utilize chemicals as media to store energies and have 
inherently higher energy densities and conversion efficiencies than other competitors [1], so they 
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still appear to be the best candidates for the roles mentioned above.  Figure 1.1 gives a 
comparison of the theoretical volumetric and gravimetric energy densities of batteries based on 
different chemistries.  It can be clearly visualized that Li-ion battery is the best in terms of both 
kinds of energy densities, which makes it the most promising energy supplier for future electrical 
vehicles, no need to mention the fact that it already assumed a significant ~63% share of the 
market of portable batteries for smaller consumer electronics [2].  Unfortunately, although the 
best Li-ion batteries have already out-performed its oldest predecessor lead-acid batteries by 5 
times, they still cannot fully meet the requirements set by different model electric vehicles. This 
can be better understood with the help of Figure 1.2. The abscissa in this figure is power density 
and the ordinate is energy density. Power density is a gauge for the acceleration capability and 
energy density will predetermine the range of a vehicle powered by the battery.    
It shows that Li-ion batteries can readily handle energy consumption requirement by 
Hybrid Electric Vehicles, just manage to power Plugged-in Hybrid Electric Vehicles and barely 
meet the need by full-range Electric Vehicles.   Another fact that can be seen from this Ragonne 
plot is that if the energy density of a battery does not get decreased at high power Li-ion batteries 
should be able to power Plugged-in Hybrid Electric Vehicles relatively straightforwardly. The 
variation of energy output from a battery with power is crucial for the development of battery 
powerful enough to drive automobiles, and it has to be understood and predicted from 
comprehensive analysis of kinetics of chemical and electrochemical reactions in a battery. Due to 
the complex nature of the different chemical processes taking place in parallel and in series during 
the operation of a battery, it is hard to exhaust all details in this introduction. In this section, only 
the fundamental and most relevant aspects to the topics of this dissertation will be introduced.     
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Figure 1.3a is an oversimplified schematic of a Li-ion battery but contains most important 
parts and necessary information.  As it is shown in Figure 1.3a, a typical Li-ion battery comprises 
of composite-based cathode and anode as active parts, a polymeric separator permeated with 
organic electrolyte to allow enough Li-ion conduction between two active electrodes but 
minimize electronic leakage, and two current collectors acting as electronic vias to the outside 
load or charging circuit.  The two electrodes are composites composed of active electrode 
materials, polymeric binder to provide cohesion, and carbon to facilitate electronic percolation, as 
it is shown in the zoomed-in view of an electrode in Figure 1.3a.  
Figure 1.3b depicts all important elemental processes taking place during the discharge of 
a Li-ion battery. During this discharge process, pre-lithiated graphite anode begins to lose lithium 
by giving Li-ions to the electrolyte and electrons to its current collector. Electrons and Li-ions 
travel separately through outside load and electrolyte to the cathode, which typically uses layered 
lithium transition metal oxides and polyanion materials as active component [3].  Meanwhile at 
the cathode, electrons and Li-ions are injected into the cathode particles at its surface and get 
recombined in the lattice.  For a typical Li-ion battery with lithium cobalt oxide cathode and 
graphite anode, the full reaction can be written as: 
Li0.5CoO2+0.5LiC6→LiCoO2+3C (1.1) 
From the above reaction mechanism, it is obvious that the only thing that changes its chemical 
environment is the 0.5 lithium atoms. Therefore the free energy change of the reaction during a 
transfer of infinitesimal x moles of lithium can be conveniently expressed as:  
∆𝐺 = 𝑥∆𝜇𝐿𝑖 (1.2) 
From Nernst equation [4], the output voltage E of this process follows:  
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|∆𝐺| = 𝑥𝐹𝐸(1.3)  
𝐸 =
|∆𝜇𝐿𝑖|
𝐹
  (1.4) 
In equation 1.1, LiCoO2 is the positive electrode because lithium has a lower chemical 
potential in it than graphite. This is mainly driven by the oxidative power of Co
4+
 in Li1-xCoO2 
towards electrons in lithium metal during lithiation of Li1-xCoO2. Using pure lithium as a 
reference, the relative voltages and gravimetric capacity densities of many relevant materials can 
be mapped out in Figure 1.4 [5].  
The total energy output of a battery based on one mole of LiCoO2 is certainly integration 
of power over time:  
𝑊 =  ∫ 𝐸𝐼𝑑𝑡 = ∫ 𝐸𝑑𝑞 = ∫
|∆𝜇𝐿𝑖(𝑥)|
𝐹
𝑑𝑥 ∙ 𝐹 
= ∫|∆𝜇𝐿𝑖(𝑥)|𝑑𝑥  (1.5) 
The final W will depend on the details of the ∆𝜇𝐿𝑖(𝑥) curve. Considering the nature of 
the reaction,  ∆𝜇𝐿𝑖(𝑥) might depend strongly on the reaction coordinate x, such as the example 
system here involving the lithium intercalation in LiCoO2, where there is no nucleation of new 
phases.  In many other different materials, such as LiFePO4, there is not much change at all of 
∆𝜇𝐿𝑖 with x, and a flat voltage plateau E(x) with composition can always be observed. Nucleation 
and growth of a second phase at the expense of original one is necessary in this circumstance. The 
detailed explanation of these different behaviors can be found somewhere else [1, 6].  
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Once the ∆𝜇𝐿𝑖(𝑥) of a materials combination is measured or calculated the gravimetric 
and volumetric energy densities of the system can be calculated by dividing equation 1.5 by total 
weight or volume of materials to account for the transfer of one mole of lithium. Take reaction 1.1 
as an example, the denominator should be the total mass or volume of one mole of LiCoO2 and 3 
moles of carbon.  
Figure 1.5 shows the evolution of E(x) or 
|∆𝜇𝐿𝑖(𝑥)|
𝐹
  with composition x during the gradual 
lithiation of LiFePO4, at different reaction rates [7]. As it was introduced above, the area under 
any of the curve in Figure 1.5 divided by the mass of one mole of LiFePO4 and one mole of 
lithium should be the energy density of LiFePO4-Li system under the designated reaction rate.  
An important observation from this result is that the energy output of LiFePO4-Li system is 
different at different reaction rates. C-rate is a common measure of reaction rate or current density 
in literature on Li-ion batteries, and the corresponding C-rate of a certain current density applied 
is the inverse of the number of hours to fully lithiate a certain material theoretically. Higher 
numbered C-rate always means a higher current density. Since power of a battery is arithmetic 
product of current density and output voltage and the change of output voltage with current 
density is much smaller than the latter (Figure 1.5), increasing the current density is equivalent to 
increasing its output power. From Figure 1.5, it is clear that the total energy delivered, or the area 
under Voltage-composition curve, decreases with increasing power consistently. This is caused 
mainly by the much steeper drop of the voltage output at higher current density, which endows 
the  ∫ Edq integration with a lower average E value than the one at lower current density. Besides, 
this faster drop in voltage also makes the battery touches the cut-off voltage earlier. This leads to 
less lithium or charge transferred between LiFePO4 and Li in the reaction, serving as an extra 
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contribution to the reduction in ∫ 𝐸𝑑𝑞 integration at higher rate. The reduction of energy output at 
high power has been reflected in the Ragone plot in Figure 1.2, and it has to be taken into 
consideration during the design of a battery for high power applications.  
To understand this energy-power effect, the details of the reactions in a battery have to be 
analyzed in addition to just the initial and final state of the reactions. In other words, kinetics of 
different processes in a working Li-ion battery needs to be studied in addition to thermodynamics, 
in order to predict how energy evolves with power.  
Reactions in similar form to equation 1.1 can first be decomposed to two half-reactions at 
cathode and anode respectively: 
Li0.5CoO2+0.5Li
+
+0.5e
- →LiCoO2 
0.5LiC6→0.5Li
+
+0.5e
- 
+3C (1.6) 
Take the reaction at the cathode LiCoO2 during discharge as an example, the detailed reaction 
scheme is shown in Figure 1.6. It is shown that in order to induce lithiation of Li0.5CoO2, several 
elementary steps are needed. To initiate the reaction, electrons have to be first pumped from 
current collector into the conductive carbon matrix by out-circuit. Electrons then travel through 
the conductive path by the carbon black matrix to the surface of Li0.5CoO2 particles. They then 
traverse the interface between carbon black and Li0.5CoO2 particles to be injected into the lattice 
of the latter. In response to the reduction of Li0.5CoO2 by electrons, Li-ion in close vicinity of 
Li0.5CoO2 particles will also start being pumped into the lattice of Li0.5CoO2 by a charge transfer 
step. This then causes an enrichment of Li concentration near the outer surface of Li0.5CoO2 
particles and build-up of a concentration gradient to drive the gradual core-shell diffusion of 
lithium into the interior of Li0.5CoO2 particles. In the meantime, the consumption of Li-ions near 
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the surface of active particles will lead to both concentration deficiency of Li-ion and charge 
imbalance, which give rise to concentration gradient and electric field build-up in the electrolyte. 
Both of these effects will drive the transport of Li-ions from bulk electrolyte to the surface of 
active particles via the tortuously interconnected pores permeated with electrolyte in the 
composite structure.   
All of these elementary steps listed above need driving force to stimulate enough charge 
or mass transport to make the half reaction happen in equation 1.6. Unfortunately, driving forces 
needed in these elementary steps will have to be compensated from the total Gibbs free energy 
change of the overall reaction, which will lead to lower output voltage during discharge and 
higher input voltage during charge. This is evident from the dropping of voltage-composition 
profile with increasing current density in Figure 1.4. Reduction of driving forces expenses on 
these elementary steps is desirable not only for high energy output at high power but also for 
enhanced round-trip charge to discharge efficiency of a battery. To achieve this, it is essential to 
reduce the resistances encountered by electrons and Li-ions during their transport in the bulk or 
charge transfer processes at interfaces.  
Different approaches have been taken to overcome the energy-power paradox introduced 
above and make Li-ion batteries able to offer durability at high power. One of them is to develop 
materials offering high voltage or high gravimetric capacity density (mAh/g) or ways to use these 
materials efficiently as cathode and anode in Li-ion batteries. The logic behind this is to start with 
a high theoretical energy density to compensate for the reduction of energy output at high power 
so that enough energy can still be delivered. As it is shown in Figure 1.7a, certain materials such 
as LiCoPO4 and LiNi1.5Mn0.5O4 have much higher voltage than LiCoO2 and comparable 
gravimetric capacity densities, and they serve as attractive alternatives to LiCoO2 as higher-
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voltage cathodes. At the low voltage end in Figure 1.7b, some lithium alloy systems (Li-Si, Li-Sn) 
appear to offer much higher gravimetric capacity densities than graphite, and they are therefore 
potentially better anode materials than graphite.   
Much effort has been dedicated to the integration of these new materials into the next-
generation high-energy density Li-ion batteries, but the difficulty met is not trivial in either case 
[8-11].  For high voltage cathode materials, the main problem stems from the limited stability 
window of carbonate-based electrolyte, which is delineated in the voltage-gravimetric capacity 
density plot in Figure 1.7a.  High voltage cathode materials lie outside the upper bound of the 
stability window, and during their operation electrolyte will be constantly oxidized irreversibly 
[9]. This side reaction consumes stored charge in the battery and compromises the cycling life of 
battery. Moreover, most of these reactions are highly exothermic and again put the safety of this 
kind of batteries into question. On the other hand, academia and industry have also been trying for 
a while to introduce silicon, tin and other metals into the anode side of Li-ion batteries to take 
advantage of their high gravimetric capacity density. Unfortunately, high gravimetric capacity 
almost always means large volume variation during lithiation and delithiation process. In this case, 
only a tiny amount of inhomogeneity in volume change of a single particle can generate strain and 
stress large enough to pulverize it into pieces, which might then lose electronic contact to the 
main matrix and become isolated. This effect leads to considerable irreversible capacity and fast 
decay of it and renders them impractical for long-term cycling.  An example is given in Figure 
1.8a where the colossal change in morphology in cycling of a tin electrode is shown, and the 
corresponding poor capacity retention capability is shown in Figure 1.8b.  
Up to now, some progress has been made in adopting these high energy density electrode 
materials in Li-ion batteries [8,10-12]. However, most of these results did not bring about enough 
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improvement to make a difference [8,12], or some of them were truly exciting enough but 
scalability and cost made application of them unrealistic in the short term [10-11]. The challenges 
encountered in this route make an alternative strategy— improving the power performance of 
current material recipe, an attractive and necessary trial to achieve Li-ion batteries suited for high-
power applications.   
In the effort to fully exploit theoretical specific energy of state of art materials at high 
power in Li-ion batteries, focus used to be mainly concentrated on the modification of these 
materials themselves. In other words, it used to be believed that the rate-limiting step in lithiation 
(or delithiation) is always associated with the active electrode particles in the cathode or anode 
matrix, either the charge transfer step at the surface of these particles or bulk diffusion and drift of 
electron or Li
+
 in its lattice[13-16]. This has been mainly caused by the fact that most of these 
active materials are oxide-based insulators or semiconductors, and they should be much more 
resistive against electrons than other conductive components such as carbon based conductive 
fillers; on the other hand, although it is generally accepted that these materials are good Li
+
 
conductors, they should still be inferior to liquid electrolyte on this. For example, self-diffusion 
coefficient of Li
+
 at room temperature in LiCoO2 is 5×10
-9 
cm
2 
sec
-1
, which is at least 2 orders of 
magnitude lower than the Li
+
 diffusion coefficient in liquid electrolyte. In order to facilitate the 
lithiation and delithiation kinetics of these materials, one direction is to reducing the transport 
distance needed by both electron and Li
+
 to fully lithiate or dilithiate the active material to speed 
up the kinetics. This is one of the reasons why so many scientific papers on nano cathode and 
anode materials for Li-ion batteries have been witnessed in the last decade. Nanosizing of 
electrode materials indeed brought about significant advances in energy-power capability of many 
electrode materials such as LiCoO2, LiFePO4 and LiMn2O4 [17-19], and some of these nano-
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materials even started to enter the market [20]. Nonetheless, most of these nano-materials have to 
be prepared by soft chemistry, so their scalability remains a question. In addition, larger surface 
area of nano-materials also makes them harder and more expensive to work with in battery 
electrode preparation and assembly, which also discourages people in industry from using them 
[21].   
In a different and complementary direction, a lot of researchers have also been trying to 
directly enhance the electronic and ionic conductivity of important electrode materials so that 
reaction kinetics can be improved. So far, cationic and anionic doping, electronic conductive 
coating and other surface modifications [22-24] have been involved in the transport property 
improvement in a variety of materials. There also exist a lot of exciting works and breakthroughs 
within the last ten years. For example, Chiang et al. has found that Nb doping of LiFePO4 could 
increase its electronic conductivity by eight orders of magnitude, which transferred LiFePO4 from 
a poor conductor to a highly conductive semiconductor [22]. This enhancement naturally 
significantly enhanced the energy-power performance of LiFePO4. High-power batteries 
manufactured by one of the major US Li-ion battery firm A123 Corporation were also claimed to 
use doped LiFePO4 as cathode material [20]. Certainly, this finding also aroused a lot of 
controversy in this field shortly after its publication, and even till now it has not been fully 
resolved [25]. This also suggested that solid fundamental understanding of these materials still 
needs to be established before the time when we can optimize their properties consistently [26].   
Another direction in optimizing the energy-power performance of current materials 
system is to work at slightly larger length scale than the material-oriented way above. Instead of 
modifying the properties of existing materials, this approach is mainly concerning how to better 
arrange and assemble different materials and components into electrodes and batteries.  
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In the next chapter of this dissertation, a work done on surficial coating of LiCoO2 to 
improve its energy-power performance will be introduced. This work has followed the material-
oriented approach introduced above. However, we will see that the results actually suggest that 
optimization of the microstructure of a battery deserves as much attention as the material 
oriented-one got.  Other evidence and some preliminary works by other researchers in this 
direction will also be introduced afterwards.  
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1.2 3-Dimensional microbatteries: power sources for the next-generation 
microelectronic devices and gadgets 
Microelectronics technology has evolved rapidly in recent decades and has reshaped every 
facet of our lifestyle. Advances made in microelectronics processing, together with developments 
in nanomaterials synthesis, have enabled the development of next-generation devices and systems, 
such as microelectromechanical systems (MEMS)[27], micro medical implantations, smart 
medicine[28-30], wireless sensors, nanoscale actuators[31], etc. To date, most of these small 
devices have been mainly powered by relatively big power sources [32,33]. There are a lot of 
drawbacks associated with this disaccord in size between energy consumer and power source. For 
instance, in this scenario the power output of big batteries have to be regulated carefully in order 
not to overload those small devices, and special care also has to be taken to filter even a small 
noise in these bigger energy suppliers to avoid any malfunction. In addition, the most important 
shortcoming of the reliance of small devices on big power sources greatly is that this limits their 
ability of being independent working unit, and attempts to make them independent almost always 
resulted in smallest packaged size greatly restricted by the size of batteries [32,33].  
The desire to achieve independent self-powered micro devices and systems attracted a lot 
of research efforts from energy storage community to come up with power sources commensurate 
in size with their small dependents. The specific application typically defines the critical design 
criteria.  For example, volumetric energy density may be important when size is of utmost 
importance, gravimetric energy density is most important for applications like microair vehicles, 
and areal energy density might be most important for packing devices on a circuit board. 
Electrochemical energy storage devices with superior energy and power densities, such as Li-ion 
batteries, are amongst the most suitable candidates [2]. However, the difficulty is the 
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identification a way to fabricate these electrochemical power sources in the sub mm
3
 range 
without compromising their energy and power density [34]. This can be revealed by a look at 
Figure 1.9a. It is shown there that as the packaging sizes of different types of Li-ion batteries are 
reduced the volumetric energy and power densities get compromised seriously so as to fall far 
below the smallest requirement set by many different micro-devices.  There are mainly two 
reasons to account for this gradual loss of functionality. The first problem is that the share of 
space of active materials always gets significantly reduced as the packaging size is reduced based 
on current packaging technology of commercial batteries. In other words, inactive materials such 
as current collectors, separator, outside package begin to prevail in space occupancy at small 
package size. So the need for microscale packaging that is volumetrically efficient is still a 
challenge.  The second issue is the small footprint size available from most of those micro-
devices (Figure 1.9b), which almost render the traditional 2D planar processing of Li-ion batteries 
completely impractical, no matter traditional composite electrode based batteries or newly 
developed thin film batteries. To make full use of the limited space the power source must utilize 
the 3rd dimension, height, effectively in order to stack more energy storing media on the small 
footprint. To build a conventional battery in 3D, one would have to either produce thicker 
electrodes or stack the electrodes in series. Neither of these approaches is practical because (1) the 
slow kinetics of Li-ion diffusion and electronic conduction in a thick electrode will significantly 
limit the power and rate capability of the battery, and (2) batteries in series suffer from overcharge 
and discharge problems at the individual cell level.    
In order to build a practical microbattery we have to both increase the thickness of the 
electrodes and keep the transport distances for the Li-ions and electrons short. Structures based on 
interdigitated and interpenetrating cathodes and anodes can meet this requirement (Figure 
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1.10a&b) [35,36]. A major difference between these two designs is that the former may be readily 
produced with non-contacting electrodes, while the latter should require a conformal coating that 
serves as a separator between the electrodes.  Since these microbattery design schemes were 
outlined a decade ago, many attempts to fabricate 3D electrodes have been reported but very few 
complete batteries have been demonstrated. The efforts to fabricate 3D microbatteries may be 
divided into two general categories. The first is based on microelectronics processing and 
micromachining techniques and the second is based on a combination of surface chemistry and 
nanomaterials. Some of them will be discussed and compared below.  
Since the purpose of developing microbatteries is to power small scale micro-devices and 
gadgets, it should not be too surprising that the technique of fabricating these devices are directly 
applied to make small batteries in the earliest trials of microbattery development. This is also the 
reason why most of microbattery demonstration has been done with the help of state of art 
lithography and microfabircation technique [37-39]. 
Most of microbatteries fabricated with microfabrication technology widely used in 
semiconductor industry involved the use of templates created by combination of lithiography and 
high aspect ratio etching.  Even so, the ways to make use of these templates vary in different 
strategies. In the example shown in Figure 1.11a, a soda-lime glass substrate was processed with 
lithography to yield a plate perforated with a uniform distributions of microchannels[37]. Using 
this as a scaffold, a nickel layer with a thickness of several microns was deposited on it with 
electron-less chemical plating to serve as a current collector. Then a thin layer of MoS2 was 
electroplated on to the nickel coating in an aqueous MoS4
2-
 electrolyte, and this finished the thin-
film cathode. A polymer electrolyte membrane and a MCMB(mesocarbon microbeads) anode 
composite filling were then deposited onto the MoS2 layer and into the microchannels with a 
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complex spinning-coating and vacuum pulling method to make the separator and anode. The 
whole device must be soaked in liquid electrolyte to be infiltrated with it and also the MCMB 
anode has to be chemically lithiated with lithium metal to finish the forming process. As it is 
shown in Figure 1.11b, because of the deep microchannels’ ability to adsorb large amount of 
active materials, the areal capacity of it is greatly enhanced over 2D planar composite batteries 
with the same chemistry.  It should be noticed that this method at least involved 4 coating steps 
done by 3 completely different coating methods on high-aspect ratio micro-trenches, and it is 
required that all of these coating processes should be highly conformal, uniform and pinhole-free. 
This is actually where the difficulty lies in this fabrication concept. Works with similar fabrication 
strategy can also be found in works by other groups, where vacuum-based CVD and PVD 
methods were applied to deposit different components of the batteries onto a substrate with 
micro-trenches or channels [38].  
Some other researchers have also tried to use template in a different way. In the work 
shown in Figure 1.12a, after they got the etched silicon as a template they infiltrated the template 
with slurry of carbon anode materials [39]. After one end of the template was sealed with a layer 
silver epoxy as a current collector, the silicon template was etched away. The use of template as a 
sacrificial mold enabled the researchers to template traditional electrode slurries into an array of 
pillars on a silver substrate, and it can be seen in Figure 1.12b that the areal capacity of this 
electrode is almost 7 times larger than its 2D counterpart. The elimination of template in the final 
electrode helps to increase the gravimetric energy density of the battery. The shortcoming of this 
method is that it is not straightforward to make complete 3D batteries with this method, and it is 
mainly good for 3D electrode demonstration.  
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In addition to methods involving templates above, another different route also exists there 
to make 3D microbatteries with microelectronic processing. This method mainly took the 
advantage that SU-8 photoresist could be pyrolyzed into glassy carbon that is partially reactive 
with lithium and can be used as anode. This strategy developed by Wang et al. is shown in Figure 
1.13a [40]. On a silicon substrate, a thick layer of photoresist (~50microns) was deposited by 
spin-coating and then patterned into 2 separate arrays of photoresist strips with equal spacing 
interdigitated with each other; afterwards, the photoresist arrays were pyrolyzed into conductive 
carbon at high temperature under inert gas; finally one set of carbon array was transferred into 
positive electrode by electrochemical deposition of dodecylbenzenesulfonate-doped polypyrrole 
(PPYDBS) on it. PPYDBS is a polymer based Li-ion battery cathode and has a certain amount of 
lithium-intercalation capacity [40]. This method eliminates the need to deal with templates 
created by microfabrication and is hence less complicated and time consuming in processing.  
However, unfortunately most of microbatteries made with this method suffered from current 
leakage and thus low columbic efficiency, due to difficulty to fully etch away all residual 
photoresist covering the substrate, which becomes the source of leakage after pyrolysis. This can 
be observed in Figure 1.13c, where the charge capacity always exceeded the discharge capacity.  
 In addition to the lithography-based prototypes introduced above, another distinctive 
general strategy based on colloidal chemistry and nanomaterials has also been demonstrated 
several times in literature. One representative example is illustrated in Figure 1.14 [41]. On a 
glass substrate, a set of interdigitated current gold strips were patterned with thin-film deposition 
and lithography. Afterwards, polystyrene nanospheres were deposited on the substrate into a 
close-packed crystal by self-assembly. Then nickel was plated into the narrow open space 
between the spheres, starting from the surface of gold current collectors and gradually growing 
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into a half-cylindrical 3D scaffold. The polystyrene nanospheres were etched away, leaving the 
open space for the deposition of SnNi alloy and MnO2 onto the two sets of open nickel scaffolds 
consecutively as anode and cathode for the microbatteries. In this work, the authors claimed that 
they had demonstrated the highest volumetric power capability ever observed in literature, which 
is apparently owing to the large open space in the 3D electrodes (Figure 1.14). However, it can be 
seen that in terms of areal power capability this battery is still not superior to other works (Figure 
1.15). This is mainly caused by the limited thickness of the electrodes(less than 30microns) and 
the highly porous structure.  
Figure 1.15 summarizes most important works on 3D microbatteies made with fabrication 
methods that fall to one of the two categories introduced above. It seems there is still a long way 
to go to fully reach the goal set by microdevices. It should also be noted that both strategies 
introduced above have important drawbacks. The first one is highly dependent on deep etching. 
This technique is not cost-effective and also begins to lose resolution when extremely high 
aspect-ratio feature is required. The second one still cannot make high aspect ratio electrodes 
required by design concept, because the electro-deposition process in the inversed opal structure 
is isotropic. Therefore to approach the design goal for microbatteries, it is necessary to explore 
other possibilities and this is what this work will be mainly focused on. In chapter 3 of this 
dissertation, a novel strategy—direct ink writing will be explored to fabricate 3D microbattery 
structures.  
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1.3 Figures  
                           
Figure 1.1 Volumetric energy densities versus gravimetric energy densities of batteries utilizing 
different chemistries. Reproduced with permission from ref. [2]. Copyright 2001 Nature 
Publishing Group.  
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Figure 1.2 Specific energy density as a function of the output power plotted for different 
categories of electrochemical power sources. The goals of different designs of electric vehicles 
are indicated. Srinivasan, V. (2008). “Batteries for Vehicular Applications” Copyright 2008  
Lawrence Berkeley National Lab.  
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Figure 1.3 (a) Schematics of a typical Li-ion battery, the enlarged window shows the 
microstructure of composite electrodes in Li-ion batteries. Reproduced with permission from Ref. 
[52].Copyright 2012 Elsevier Ltd. (b) a cartoon showing a complete reaction loop in during the 
discharge of a Li-ion battery. Reproduced with permission from Ref.[53].  Copyright 2004 
American Chemical Society.  
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Figure 1.4 Voltage versus Li
+
/Li as a function of lithium content in LixCoO2.Reproduced with 
permission from Ref. [5]. Copyright 1992 The Electrochemical Society.  
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Figure 1.5 Voltage versus Li
+
/Li as a function of lithium content in LixFePO4 at different current 
densities. Reproduced with permission from Ref. [7]. Copyright 2001 The Electrochemical 
Society.  
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Figure 1.6 A detailed step-by-step reaction scheme of the lithiation of a composite cathode.  
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Figure 1.7 (a) &(b) Diagrams from different sources illustrating the lithium ion capacity and 
electrochemical reduction potentials with respect to lithium metal for well-studied cathode and 
anode materials. Reproduced with permission from Ref. [42],Copyright 2009 American Chemical 
Society; Reproduced with permission from Ref.[43], Copyright 2009 The Royal Society of 
Chemistry.  
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 Figure 1.8 3D images of tin particles (a) prinstine and (b) after full lithiation. (c) the capacity  
retention of tin electrode in one cycle, the black curves correspond to the first lithiation and 
delithiation, the red one corresponds to the second discharge.  
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Figure 1.9 (a) The variation of packaged volumetric energy densities of batteries based on 
different packaging schemes. Reproduced with permission from ref.[34]. Copyright 2010 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (b) a photo of a robotic fly, in comparison 
to a penny in size. Reproduced with permission from ref. [33]. Copyright 2012 Materials 
Research Society.  
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Figure 1.10 Schematics of (a) interdigitated battery structure and (b) interpenetrating battery 
structure. 
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Figure 1.11 (a) Soda-lime glass substrates perforated with microchannels fabricated with 
lithography and etching. Layers of different components of batteries were subsequently deposited 
onto the channels by different plating and coating process. (b) performance of this microbattery 
compared to a 2D planar microbattery. Reproduced with permission from Ref. [37]. Copyright 
2005 IEEE. 
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Figure 1.12 (a) 3D carbon electrodes are fabricated by infiltrating a high-aspect ratio porous 
template with MCMB based slurries. (b) the comparison of the areal capacity of 3D carbon 
electrode arrays with 2D think films of carbon slurry. Reproduced with permission from Ref.[39]. 
Copyright 2005 IEEE. 
 
 
 
 
 
 
30 
 
 
 
Figure 1.13 (a) PPYDBS-Carbon 3D interdigitated micro-battery assembly made by pyrolysis of 
patterned photoresist and selective deposition of PPYDBS onto one set of carbon electrodes. (b) 
SEM micrograph of the interdigitated electrode assembly. (c) cycling performance of this 
PPYDBS-Carbon 3D interdigitated micro-battery assembly [73]. Copyright 2004 The 
Electrochemical Society.  
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Figure 1.14 (a) LiMnO2-NiSn micro-battery assembly is made by electrodeposition of  active 
materials into empty space of the self-assembled open-porous polystyrene close-packed 3D 
network. (b) schematics (c) SEM micrograph and (d) optical top view of the LiMnO2-NiSn 
micro-battery assembly Reproduced with permission from Ref.[41]. Copyright 2013 Nature 
Publishing Group. 
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Figure 1.15 A comprehensive comparison of energy-power performance of 3D electrodes and 
batteries reported in literature.   
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CHAPTER 2 
A MECHANISM FOR THE IMPROVED RATE CAPABILITY OF 
CATHODES BY LITHIUM PHOSPHATE SURFICIAL FILMS—A CASE 
STUDY ON MATERIALS PROPERTY IMPROVEMENT TOWARDS 
BETTER ENERGY-POWER PERFORMANCE
1
 
 
2.1 Introduction  
In the last chapter, it has been mentioned that lots of effort has been invested to fine tuning 
and modifications of the transport properties of some widely used electrode materials to enhance 
their rate capability. Amongst all of these pioneering works, Kang and Ceder[1] recently 
discovered that non-stoichiometry of the reactants in the preparation of LiFePO4, produced 
cathode powder with significantly improved power density (~50%).  The formation of a nanoscale 
disordered Li4P2O7 surficial phase resulted from this non-stoichiometry.  It was proposed that this 
nanoscale film enabled ultrafast lithium ion transport along the surface that enhanced kinetics.  
Disordered interfacial phases have been demonstrated to have high ionic mobilities, 
relative to ‘clean’ interfaces, in a variety of ceramic materials [2-4].  Diffusion in LiFePO4 occurs 
along one-dimensional channels in the lattice and it may be expected that certain surface 
orientations admit lithium intercalation more readily than others[5]. Measurements of anisotropic 
diffusion in LiFePO4 support this hypothesis [6, 7]. Kang and Ceder [1] proposed that the Li4P2O7 
surficial film improved kinetics by allowing rapid diffusion of lithium to those preferred 
orientations. The results received significant attention due to some fantastic claims of 
charge/discharge rate, but also because the results demonstrated a new route to improved power 
                                                 
1
 This section has been created with permission from Electrochemistry Communications DOI: 
10.1016/j.elecom.2010.12.013 Copyright © 2010 Elsevier Ltd. 
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that might be applied more broadly. However, the initial discovery also triggered much 
controversy [8, 9]. A number of issues were raised relative to: claims about the actual presence 
and composition of the film, charge versus discharge kinetics, the role of carbon and electronic 
conduction, etc [8, 9]. Kayyar et al. [10] later confirmed the presence of such a surficial film with 
better HRTEM images by duplicating the procedure by which Kang and Ceder prepared the 
powder.  For microscale LiFePO4, it has been proposed that the low intrinsic conductivity is the 
main barrier for achieving high power density [11].  For nanoscale LiFePO4, the rate capability is 
significantly improved and the rate limiting mechanism remains controversial [12-14].  However, 
the incredible improvement in rate capability report for the non-stoichiometric LiFePO4 is still far 
greater than any reported improvements based on carbon coating or doping [13, 15,16].  
Therefore, the presences of a disordered surficial film could represent an important new 
mechanism for enhancing power density. However, the proposed mechanism for the enhanced 
rate capability raises several fundamental questions.  For example, it is unclear why the film, 
which is essentially a solid electrolyte, would display diffusivities significantly in excess of 
values for the liquid electrolyte when few solid electrolytes have values approaching liquid phase 
values [17-19], and although LiFePO4 displays 1-D diffusion, for the relatively spherical particle 
characterized there should be few surfaces where the diffusion channels are not exposed directly 
to the electrolyte.  
To evaluate the mechanism proposed by Kang and Ceder[1], LiCoO2 coated with a similar 
fast Li-ion conducting film, Li3PO4, will be considered. LiCoO2 displays two-dimensional 
diffusion[20] and should be significantly less reliant on diffusion at or around the surface prior to 
intercalation.  Therefore, such a film should not enhance power density in this system based on 
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the existing proposed mechanisms.  Observations of similar improvements in power due to the 
presence of such a film would suggest a new and different mechanism.  
2.2 Experimental Methods 
In a typical fire and quench procedure for LiCoO2, first a mixture of LiCoO2(Alfa Aesar) 
and Li3PO4(Alfa Aesar) powder with volumetric ratio of 95:5 was ball-milled for two days with 
YSZ milling media. The ball-milled powder was then fired at 850
o
C for 30 min, after which it 
was quenched in liquid nitrogen. In such a process, the kinetics of crystallization should be slow 
relative to the change in temperature, and a metastable amorphous Li3PO4 should result. Ideally, 
an amorphous layer of Li3PO4 was coated on the LiCoO2 powder. Reference samples without any 
Li3PO4 additions were obtained using the same procedure. Below the powder with or without 
Li3PO4 will be referred to as doped or undoped LiCoO2.   
Sintered samples were obtained by similar methods. LiCoO2 powders ball-milled with or 
without Li3PO4 were pressed uniaxially into pellets.  The pellets from powders with Li3PO4 were 
fired at 850 
o
C for 30 minutes and then quenched in liquid nitrogen. Undoped sintered pellets with 
similar density were produced by sintering at 900 
o
C for 2h and subsequent quenching or slow 
cooling. The samples studied had a relative density of ~73% of theoretical.  Sintered electrodes 
were made from these quenched pellets by mechanically grinding and polishing the pellets to 
~100 µm thickness.   
X-Ray diffraction (XRD) patterns of the powders were taken for the different samples 
(Siemens-Bruker 5000 Diffractometer). Scanning electron microscopy (SEM, Hitachi S-4700) 
was applied to observe powder morphologies. Transmission electron microscopy (TEM, JEOL 
2100 Cryo) was used to characterize the surficial layer on the doped LiCoO2 powders. The size 
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distribution of the quenched LiCoO2 powders with and without Li3PO4 doping was analyzed by 
dynamical light scattering (NICOMP 380 ZLS Particle Sizer). 
Composite electrodes were made by mixing LiCoO2 powders, Super P graphite and PVDF 
(Alfa Aesar) with a volumetric ratio of 85:10:5, in which 1-methyl-2-pyrrolidinone was used as 
the solvent. The as-prepared slurry was then cast onto an aluminum foil with a 500 µm doctor 
blade, which was then dried under a 500W infrared lamp. The composite electrodes were then put 
into a vacuum oven to be further dried for 24h at 80
o
C under vacuum to remove remaining 
solvent and adsorbed water.  
 Swagelok-type cells were assembled in an argon-filled glove box and cycled using a 
potentiostat/galvanostat (SP200, Biologic Co, Claix, France). These cells were comprised of a Li 
metal disc as the anode, a separator saturated with a 1 M LiPF6 solution in ethylene carbonate 
(EC), dimethyl carbonate (DMC) (1:1 in weight) as the electrolyte, and the composite electrode or 
the sintered electrode as the cathode.  For characterizing discharge rate, the charge rate was kept 
constant at C/20, while the discharge rate varied. Current corresponding to different C-rates was 
calculated from the mass difference between the composite electrode and the blank aluminum foil 
weighed on an electronic micro-balance (Mettler Toledo XP26).  Volumetric energy densities 
were calculated by measuring the dimensions of electrodes in the SEM.  
To help better understand the role of lithium phosphate surficial film in the rate-
performance of LiCoO2 particles, a supporting control experiment was also included. In this 
experiment, an inert material aluminum oxide was ball-milled with different amount of undoped 
LiCoO2 to dilute it to different extent. These diluted mixtures were then also processed into 
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composite electrodes with the same method introduced above, and their respective rate 
performances were recorded and compared accordingly.  
 
2.3 Results and Discussion 
Figure 2.1 shows the XRD pattern of heat-treated doped and undoped powders. The pattern 
from the doped LiCoO2 powder matches pure LiCoO2 and contains no peaks corresponding to any 
new phase or super lattice. It is expected that the addition of Li3PO4 should not affect the structure 
of LiCoO2, since PO4
3-
 should be insoluble in the lattice and LiCoO2 is the lithium rich cobalt 
oxide phase. No crystalline Li3PO4 appears in the diffraction pattern, this may somehow testify to 
the success of the quenching procedure, but the low volume fraction of Li3PO4 may also 
contribute to the absence of these peaks. XRD patterns from the sintered samples are 
fundamentally the identical to Figure 2.1. The ratios of the diffraction peak heights in both the 
doped and undoped annealed samples were consistent with one another and the standard pattern. 
The consistency in the patterns from the bulk lattice suggests that the doped and undoped powders 
should provide a useful comparison of the effect of a surficial film on rate capability.  
Insets in Figure 2.1 (b and c) present SEM micrographs of doped and undoped powders 
after annealing. The particle size and morphology of the different powders are similar. The 
average diameters of doped and undoped LiCoO2 powder weighed by volume estimated from 
dynamical laser scattering are 4m and 1.5m respectively. Any improvement in rate capability 
by Li3PO4 doping should not be attributed to size or morphology effects since the doped powder 
has a larger average particle size. 
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Representative TEM images of the doped powder are shown in Figure 2.2.  The particles 
tend to be coated with nanoscale disordered layers of Li3PO4. However, the films are not 
necessarily continuous or constant thickness.  The surficial layers were very sensitive to the 
electron beam and tended to dewet under its influence. 
 Volumetric energy density versus power density is plotted for the composite and sintered 
electrodes in Figure 2.3a.  The results indicate that doping improves the power density by about 
50%, in both the sintered and composite electrodes.  The correspondence in results between the 
sintered and composite electrodes suggests the same rate limiting effects at higher power density.  
Prior work has investigated coating LiCoO2 powder with a crystalline Li3PO4 film[18].  This 
study found no improvement in power.  Our results for the slow cooled sample (not shown here) 
appear to be in agreement with these prior results.  Overall, the disordered nature of the Li3PO4 
films appears to play an important role in affecting the rate. It should be noted that the 
improvement in power observed by Kang and Ceder[1] in LiFePO4 samples displaying a lithium 
phosphate based surficial film was also about 50%.  
The consistency in both the trend and the magnitude of the results between the current 
work and that of Kang and Ceder[1] suggests a common effect could be at play in both systems.  
Two mechanisms for improved rate capability in LiFePO4 by lithium phosphate surficial films 
have been previously proposed[1, 8].  The first assumes that diffusion to preferred surface 
orientations for intercalation into the 1-dimensionally diffusing LiFePO4 is the rate-limiting step 
and that the surficial film enhances surface diffusion[1].  The second suggests that the 
improvements relate to incorporation of graphite into the powder or film during processing and 
that the results are a spurious effect of the additional graphite[8].  Studying LiCoO2 eliminates 
both of these possibilities, because it displays 2-dimensional diffusion and becomes a metal-like 
42 
 
conductor after the first charge cycle[19].  The addition of Li3PO4 should not affect solid-state 
diffusion in the bulk, because there are no appropriate lattice defect mechanisms and XRD 
indicates no significant change in crystallography. Instead, it is proposed that disordered Li3PO4 
surficial films improve electrode rate capability by reducing polarization at the interface. Since 
charge transfer polarization is unlikely to limit LiCoO2, the effect should relate to concentration 
polarization in the electrolyte.  Such polarization in LiPF6-based electrolytes correlated with 
current density has been observed previously [20, 21]. It is possible that the overpotential under 
high current density produces a chemical potential gradient that drives Li
+
 ions from the surficial 
layer into the LiCoO2. This may compensate for the depleted Li
+ 
in the liquid electrolyte 
temporarily and extends discharge time at high rates.  This compensation effect may be aided by 
the fact that glassy lithium phosphates have reasonable lithium diffusivity and can have varying 
non-stoichiometry, which is a well-known characteristic of these glasses [22, 23]. This may 
explain why the slow cooled samples, in which the Li3PO4 recrystallized, did not show enhanced 
power. 
If a consistent mechanism explains the power enhancement by surficial lithium phosphate 
films in both systems, then the difference in power density between the two systems must be 
accounted for (Figure 2.3a). This inconsistency should result from particle size difference 
between LiCoO2 (~4m) and LiFePO4 (~50nm). The size effect can be normalized by using the 
lithium flux at the surface of each particle during discharge as reference. To do this a spherical 
particle approximation is made based on the mean particle size. The current flux, which is 
proportional to the lithium flux, may then be calculated based on the C-rate. The normalized 
capacity is then plotted with respect to the flux density calculated in Figure 2.3b. The curves of 
the doped LiCoO2 and coated LiFePO4 show similar trends and even overlap. Therefore, the 
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lithium flux at the surface seems to be the consistent rate controlling parameter in both systems. 
Since, the two systems have different solid-state ionic diffusivity and electronic conductivity the 
results suggest that the flux of ions through the electrolyte may be the rate limiting mechanism. 
Kang and Ceder[1] also argued for electrolyte limited kinetics, however our results indicate the 
structure and chemistry of the film is the significant factor influencing kinetics rather than its 
surface diffusivity. 
Supportive parallel experiment done on undoped LiCoO2 also corroborated the proposed 
explanation on the enhancement of power capability resulting from amorphous Li3PO4 coating. 
Figure 2.4(a) plots capacity versus C-rate for several composite electrodes of LiCoO2 with 
equivalent thickness and different amounts of Al2O3and Super P carbon. The Al2O3does not 
participate in the electrochemical reaction and does not conduct charge. The addition of Al2O3 
cannot enhance electronic charge transport or solid-state diffusion in LiCoO2, but increasing the 
volume fraction of this inactive material enhances the C-rate considerably.  When the electrode 
contains 20 volume percent of active material, it exhibits a 100 C discharge rate, which would be 
considered quite high for a standard 4µm LiCoO2 powder. Al2O3 is a poor electronic conductor 
and there is no enhancement of electronic percolation in the composite electrode. The only 
contribution this inert additive made to the improvement in rate is probably the reduction of 
number of active reaction centers or Li-ion sinks per unit volume in the electrode and more Li-ion 
flux available to each single LiCoO2 particle.  This helps to support the idea that the reason that 
the surficial amorphous Li3PO4 film helps to enhance the rate performance of LiCoO2 particles 
actually roots in the depletion of Li
+
 in the surrounding electrolyte at high current density.  
The improvement in rate capability from amorphous Li3PO4 coating and reduced active 
material loading indicated the transport kinetics of electron and Li
+
 in LiCoO2 actually can be 
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much faster than what we used to estimate [16]. Take the 20% LiCoO2-80% super P composite 
electrode as an example, at 100C or a discharge time of 36secs, almost 90% of its theoretical 
capacity can be achieved from Figure 2.4a. Take the particle size 4µm as effective diffusion 
length for lithium, and diffusion time of 36scs, chemical diffusion coefficient ?̃?of lithium in 
LiCoO2 can be estimated by 𝐿 = √?̃?𝑡. From this envelop back calculation ?̃? is approximately 
5×10-9cm2 sec-1, which is at least a magnitude higher than the value measured by PITT[24] and 
two orders of magnitude higher than that measured by impedance spectroscopy [25].  This 
discrepancy seems to be intriguing, but it might be a little easier to comprehend if it is noticed that 
experiment done in this work is performed at extremely high driving force and the system is 
completely out of equilibrium while both GITT and impedance spectroscopy are done at 
conditions close to equilibrium. So it seems there should be a certain mechanism that transport 
kinetics in LiCoO2 is strongly activated at high rate, which allows its deep discharge even at 
incredibly high current density.  
The observation here necessarily points to the transport of Li
+
 in liquid electrolyte 
permeating the tortuous porosity in the composite electrode as the rate-limiting step for LiCoO2 
and probably many other materials [26].  Some obvious solutions to this problem include 
increasing the conductivity of current liquid electrolyte and decrease the active material loading 
as it was done in this work. It will be seen that in the short term there will not be any disruptive 
breakthrough in high-conductivity electrolyte by seeking to some important insights published on 
this topic [27].  For the reduction in active material loading, the volumetric energy density versus 
volumetric power density plot of electrodes with different active material loadings in Figure 2.4b 
is instructive on its practicality. In this plot, it is shown that at high volumetric power density 
samples with different LiCoO2 loading actually collapse into a narrow range of energy density 
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output, which means diluting LiCoO2 in the electrode matrix does not introduce any gain at all at 
high power conditions. Moreover, it is seen that at the low power end, low LiCoO2 loading 
sample also has much lower energy. This is not surprising considering its larger ratio of inactive 
material in the electrode. So reduction in active material loading is only meaningful if the cost of 
active materials is of strong priority, where the reduced loading can help make full use of the 
limited amount of materials in the system. This is the case for grid-scale energy storage. For many 
other applications limited space and weight are allocated to the battery part, and this route is not 
useful even though the active material is being cycled more efficiently.  
Based on the above observation, it is now clear that in order to get over the energy-power 
dilemma for current Li-ion batteries only trying to modify the electrode materials for faster 
transport kinetics in the interior of them is not enough. It is also crucial to reduce the length of 
paths required for electron or Li
+
 to traverse from one electrode to the other by reducing the 
thickness of the electrodes, decreasing the tortuosity of microstructure of the electrode and better 
dispersing active particles in the matrix for more efficient use of limited space [21,26,28]. 
 
In 
addition, all of these should be done without seriously increasing the ratio of inert materials or 
space in the battery structure similar to the decreased active material loading concept introduced 
above.  
To achieve this goal, it is essential to move away from traditional 2D planar design of 
battery assembly which is shown in Figure 1.3a and explore 3 Dimensional electrode and battery 
structures. Two examples are shown in Figure 2.5A&B. In these two designs, the original planar 
thick cathode and anode are first decomposed into small standing slices with the same thickness 
but much shorter width and then interdigitated or interpenetrated with the other electrodes.  In 
these 3D battery assemblies, although the distance or ohmic resistance for electrons to transverse 
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is not really altered, the diffusion length for Li
+
 to experience is dramatically reduced which 
should help to enhance the rate capability of the battery considerably.  In addition, the 3D design 
almost does not introduce any extra inert material or space at all, so there is no penalty paid by 
volumetric energy or power density at all.  Some preliminary simulation work has also been done 
to compare different battery structure designs, and it was shown by Garcia et al. that 3D battery 
with interpenetrating LiMn2O4 and graphite electrodes can lead to a 4 fold increase in energy 
output compared to its 2D counterpart at high power[28].  Therefore, 3D battery design should be 
the right direction for fulfillment of high power capability batteries.  
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2.4 Conclusions    
This work investigated the mechanism for enhanced rate capability due to the presence of 
disordered lithium phosphate surficial films on cathode powders. The existence of disordered 
Li3PO4 films was observed on LiCoO2, which increased power density by ~50%. Consistent 
results were observed for both a high (volumetric) energy density sintered electrode design and a 
higher (gravimetric) power density composite electrode design.  When compensating for particle 
size effects the results of the current work are consistent with prior work by Kang and Ceder in 
LiFePO4[1].  By discounting other potential mechanisms, it is surmised that kinetics are limited 
by ionic transport in the electrolyte.  The improvement in rate capability by the film likely relates 
to reducing concentration polarization in the electrolyte.  Parallel experiment done on varied 
active material loadings also supports the hypothesis here.  It is shown that 3D battery design has 
to be used in order to reduce the power loss caused by Li
+
 transport in electrolyte. In the last 
section of chapter 1, it has be shown 3D battery design is also indispensable for fabrication of 
high energy-density microbatteries, and both of these serve as motivations for the work done in 
next chapter.  
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2.5 Figures    
 
 
 
Figure 2.1 (a) Powder XRD patterns of doped and undoped powders. Insets: (b) SEM images of 
quenched undoped LiCoO2 powder (c) SEM images of quenched doped LiCoO2 powder. 
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Figure 2.2 TEM images of surfaces of the quenched doped powders 
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Figure 2.3 (a) Energy density versus power density plots of various LiCoO2electrodes in this 
work and LiFePO4 in Kang and Ceder's work.  (b) Normalized capacity versus lithium flux 
density at the surface of the LiCoO2 powder and LiFePO4 powder. 
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Figure 2.4 (a) Plot of normalized capacity versus C-rate for several electrodes based on 4μm 
LiCoO2. Different volume fractions of Al2O3and Super P carbon were added to the electrode. (b) 
the same data is plotted in terms of current normalized to volume fraction of active material in the 
electrode. Reproduced with permission from Ref. [26]. Copyright 2012 Elsevier Ltd. 
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Figure 2.5 3D battery designs where cathodes and anodes becoming high aspect-ratio walls that 
intimately interpenetrate into each other. Reproduced with permission from Ref. [28]. Copyright 
2007 The Electrochemical Society. 
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CHAPTER 3 
3D PRINTING OF INTERDIGITATED LI-ION MICROBATTERY 
ARCHITECTURES WITH HIGH POWER AND ENERGIES DENSITIES
2
 
 
3.1 Introduction  
The proliferation of microscale devices, such as micro electromechanical systems (MEMS) 
[1], biomedical sensors[2-3], wireless sensors[4], and actuators[5] drives demand for power 
sources with commensurate form factors. 3D micro-battery designs based on micro- and 
nanostructured architectures[6-10] could potentially double the energy density by fully utilizing 
the limited space available. To date, such architectures have been produced in planar and 3D 
motifs by conventional lithography[11-13] and colloidal templating methods[14], respectively. As 
it is introduced in section 1.3, these methods are limited by different bottlenecks and have not 
been used to demonstrate high energy density batteries with high power output.  Here, we print 
3D Li-ion microbatteries composed of high-aspect ratio anode and cathode micro-arrays that are 
interdigitated on a sub-millimeter scale, which exhibit amongst the highest areal energy and 
power densities reported to date. 
 
Direct Ink Writing (DIW) is a novel assembly technique that can precisely position 
colloidal particles in both 2D and 3D arrays. Layer and layer deposition of colloid inks and 
assembly of large 3D periodic structures have already been demonstrated[19-20]. DIW can be 
applied to assemble both cathode and anode materials on the same substrate in interdigitated or 
                                                 
2 This section has been created with permission from Advanced Materials,  DOI: 10.1002/adma.201301036  
Copyright ©  2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
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interpenetrating structures. The most important advantage of DIW for microbattery fabrication is 
that it eliminates cumbersome and costly lithography processing. 
Our facile DIW technique allows functional inks to be precisely patterned in filamentary 
form in 3D over areas ranging from 100’s m2 to 1 m2 with minimum feature sizes as small as 1 
m. We harness these capabilities to fabricate 3D interdigitated microbattery architectures (3D-
IMA) composed of Li4Ti5O12 (LTO) and LiFePO4 (LFP), which serve as the anode and cathode 
materials, respectively (Figure 3.1).  These active materials exhibit minimal volumetric expansion, 
i.e., LTO (linear~ 0%)[21] and LFP (linear~ 2.2%) [22], thereby reducing the requirement for 
compliance in the electrode to accommodate strain that accompanies charge and discharge 
processes.  To create 3D-IMA, we first designed and optimized concentrated cathode and anode 
inks.  We then printed interdigitated electrodes, packaged, and electrochemically characterized 
these 3D Li-ion microbatteries.   
3.2 Experimental Section 
3.2.1 LTO and LFP Inks processing and rheological control 
LTO powder (mean diameter = 50 nm, specific surface area = 32.6 m
2 
g
-1
, density = 3.539 
g cm
-3
) was purchased from Sigma Aldrich.  LFP powder (particle size  300 nm, density = 
2.947g cm
-3
) was synthesized by solid-state reaction, as described in detail elsewhere [38].
 
Highly 
concentrated LTO (57 wt% solids) and LFP (60 wt% solids) inks were synthesized by first 
dispersing 4.5 g of LTO nanoparticles in 110 ml of distilled water and 40 ml of ethylene glycol 
(EG, Fisher Scientific) and 3.0 g of LFP nanoparticles in 80 ml of DI water and 40 ml of EG. 
These suspensions were ball-milled for 24 h at room temperature and then classified by a two-step 
centrifugation process. We centrifuged the suspension at 4000 rpm for 5 min to eliminate large 
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agglomerates, followed by centrifugation at 3500 rpm for 2 h to collect fine particles (mean 
diameter of 180 nm). The collected nanoparticles were then re-dispersed with appropriate addition 
of glycerol (Fisher Scientific), 3.5 wt% aqueous hydroxypropyl cellulose (HPC, Sigma Aldrich, 
Mw~100,000) solution, and 3 wt% aqueous hydroxyethyl cellulose (HEC, Sigma Aldrich) 
solution. The resultant homogenized LTO mixture was composed of (relative to their solids 
content) 27 wt% Glycerol, 20~30 wt% EG, 9 wt% HPC, 1 wt% HEC, and water; whereas the LFP 
contained 20 wt% glycerol, 8 wt% HPC, 2 wt% HEC, and water. Through solvent evaporation at 
room temperature, their final solids loading (nanoparticles + cellulose) is optimized to be 55 - 65 
wt%. Ink rheology was measured by both shear viscometry and oscillatory modes using a 
controlled-stress rheometer (C-VOR, Malvern Instruments, Malvern, UK) equipped with C14 cup 
and bob at 25°C in the presence of a solvent trap to prevent evaporation. The apparent viscosity 
(η) was acquired as a function of shear rate (0.01-500 s-1) in a logarithmically ascending series. 
The shear storage (G′) and viscous loss (G′′) moduli were measured in oscillatory mode as a 
function of controlled shear stress (10-10,000 Pa) at a frequency of 1 Hz with increasing 
amplitude sweep. 
 
3.2.2  3D printing of LFP and LTO electrodes and 3D-IMA 
  Before printing, interdigitated gold current collector patterns (960  800 m2, digit width 
= 70 m, digit spacing = 50 m) were produced on glass substrates by a combination of 
lithographic patterning and E-beam deposition. Direct ink writing was carried out using a 3-axis 
micropositioning stage (ABL 900010, Aerotech Inc., Pittsburgh, PA), whose motion is controlled 
by computer-aided design software (RoboCAD, 3D Inks, Stillwater, OK). The LFP and LTO inks 
were housed in a syringe (3 mL barrel, EFD Inc., East Providence, RI) attached by luer-lok to a 
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borosilicate micronozzle (30 μm in diameter produced using a P-2000 micropipette puller, Sutter 
Instrument Co., Novato, CA). An air-powered fluid dispenser (800 ultra dispensing system, EFD 
Inc.) was used to pressurize the barrel and control the ink flow rate. The typical printing speed for 
both LTO and LFP inks by a 30-m nozzle is ~ 250 m s-1 at 600 psi. After printing, the 
structures were annealed at 600
o
C for 2 h in argon gas using a tube furnace. Their microstructures 
were characterized using SEM (Hitach S-4700).  The calculated active mass, based on filament 
geometry and TGA measured loading density, of the printed LFP and LTO were 15 and 16 g per 
layer, respectively.  
 
3.2.3  Microbattery packaging  
A thin-walled poly(methyl methacrylate) (PMMA) preform was placed around the 
microbattery and sealed with PDMS gel (Sylgard 184, Dow Corning, Inc.), cured at 150
o
C. The 
assembly was filled with electrolyte, and sealed with small glass cover using additional PDMS. 
 
3.2.4 Electrochemical characterization  
All measurements were carried out in an argon-filed glovebox (Mbraun labstar), and 
electrochemical data was collected with a commercial potentiostat (SP200, Biologic Co.). For the 
half-cell test, the LFP or LTO 3D electrode was immersed in nonaqueous electrolyte (1M LiClO4 
in ethylene carbonate:dimethyl carbonate (1:1 in volume)) A piece of lithium metal served as both 
the counter and reference electrodes. Cyclic voltammetry and galvanic charge/discharge were 
performed to check the electrochemical reactivity and rate capability. For the rate test, the charge 
rate was maintained at C/2, and discharge rates were varied from 1 C to 10 C. The cycling life 
was also measured in constant current, and both the charge and discharge rates were fixed at 1 C. 
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For the full cell tests in liquid electrolyte, the same tests were performed again, where LFP and 
LTO serve as the cathode and anode, respectively. 
3.3 Results and discussion 
          To print high aspect ratio electrode architectures, the composition and rheology of each ink 
must be optimized to ensure reliable flow through fine deposition nozzles, promote adhesion 
between the printed features, and provide the structural integrity needed to withstand drying and 
sintering without delamination or distortion.  Concentrated anode and cathode inks are prepared 
by suspending Li4Ti5O12 (LTO, mean diameter of 50 nm) and LiFePO4 (LFP, mean diameter of 
180 nm) nanoparticles in a solution composed of deionized water, ethylene glycol, glycerol, and a 
cellulose-based viscosifier via multi-step process that involves particle dispersion, centrifugation, 
and homogenization (experimental methods).  Each powder is centrifuged to remove particles 
above 300 nm in diameter to minimize ink clogging during printing.  We produced LTO and LFP 
inks of varying solids loading and found that those with respective solids loadings of 57 wt% and 
60 wt% exhibited the desired rheological and printing behavior (Figures 3.2a).  Figure 3.2b shows 
their apparent viscosity as a function of shear rate. Each ink exhibits highly shear thinning 
behavior with respective apparent viscosities ranging from 10
3
 – 104 Pa∙s at 1 s-1. Figure 3.2c 
shows their storage modulus (G') as a function of shear stress. The plateau modulus of each ink is 
~10
6
 Pa, while their shear yield stress (y) ranges from 10
2
 – 103 Pa, respectively. The magnitude 
of these key rheological parameters are in good agreement with those reported for other colloidal 
inks designed for direct-write assembly [17-20].  
We patterned high aspect ratio, multilayer electrodes onto a glass substrate by depositing 
these inks through 30 m cylindrical nozzles (Figure 3.2d). To control ink solidification and 
adhesion during patterning, a graded volatility solvent system is used in which water (boiling 
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point, b.p. 100
o
C) evaporation during printing induces partial solidification of the printed features 
ensuring their structural integrity, while ethylene glycol (b.p. 197.3
o
C) and glycerol (b.p. 290
o
C) 
serve as humectants that promote bonding between individual layers (Figure 3.2e).  Printed 
features with aspect ratios (h/w, where h is height and w is width) of ~ 0.8 are obtained in a single 
pass with a minimum width of ~ 30 m and high-aspect ratio features are readily obtained 
through a layer-by-layer printing sequence (Figure 3.2e). The SEM images reveal that interfaces 
of the printed layers are well bonded to one another. Figure 3.2f shows the height and width of 
LTO and LFP structures as a function of the number of printed layers. Notably, their height 
increases linearly with layer number, while their width is nearly constant. The aspect ratios of the 
patterned microelectrodes range from ~ 0.8 to 11 for single to 16-layer high aspect ratio walls. 
          After printing, the dried LTO and LFP microelectrode arrays are heated to 600
o
C in inert 
gas to remove the organic additives and promote nanoparticle sintering. Thermal gravimetric 
analysis (TGA) reveals that the organic species are largely removed by ~ 300°C (Figure 3.3). At 
higher temperatures, the LTO and LFP particles undergo initial stage sintering leading to neck 
formation at particle-particle contacts. The annealed structures remain highly porous, which is 
desirable for electrolyte penetration (Figure 3.4). The electrical resistivities of the annealed LTO 
and LFP films measured by four-point probe are 2.1  105 •cm, 2.3  103 •cm, respectively. 
These values are significantly lower than their intrinsic electrical resistivities (~10
9
 •cm) [23,24]. 
We speculate that such differences may arise from residual carbon formed by decomposing the 
polymeric additives in an inert atmosphere (Figure 3.5)
 
[25].  
          To investigate their electrochemical performance, we printed 8-layer and 16-layer 3D-IMA 
(960  800 m2, electrode width = 60 m, spacing = 50 m) on glass substrates (Figure 3.6a) 
followed by drying and annealing at 600
o
C for 2h in an inert atmosphere (Figure 3.6b). The final 
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test structures exhibited minor distortion, but no sign of shorting via contact between adjacent 
electrodes or delamination from the substrate. We first measured discharge properties for half-
cells composed of LFP (Figure 3.6c) and LTO (Figure 3.6d) electrodes at varying C rates. The 
calculated specific capacities for the 8-layer structure at 1-C are 160 and 131 mAh g
-1
, 
respectively. A common feature of both data is the non-monotonic variation in discharge capacity 
with electrode volume between the 8-layer structures and the 16-layers structures at the lowest 
rate (1 C). The results indicate that the height of the structure will constrain the kinetics of the 
reaction.  Electronic transport is the only height dependent property in the system, and likely 
limits the functional height of the 3D-IMA in its current incarnation. At 5 C and 10 C, the 16-
layer and 8-layer LFP electrodes exhibit the same current density of 8.33 mAh cm
-2
. The 
complete overlap in these data supports the hypothesis that electronic conduction limits their rate 
capability, as the total contribution to the capacity results from the same depletion region in both 
electrodes.  Strategies to enhance electronic percolation, such as the inclusion of carbon, graphene, 
or nanotubes, are currently being explored to enable taller 3D-IMAs.   
          Figure 3.6e depicts the areal capacity of an 8-layer LTO-LFP 3D-IMA as a function of C 
rate. The battery delivers ~1.5 mAh cm
-2
 at a stable working voltage of 1.8 V when discharged 
below 5C. The result corresponds well with the LFP and LTO half-cell results. Figure 3.6f 
demonstrates the cycle life of the 3D-IMA. Minimum decay in capacity occurs up to 30 cycles. 
LFP and LTO both exhibit good cycle life due to their low-strain topotactic reactions that take 
place at relatively low and high voltages, respectively. 
          Figure 3.7 shows a packaged 3D-IMA. A small plastic case (inner dimensions: 2.1 mm  
2.1 mm  1.5 mm) fabricated by laser machining contains the microbattery and liquid electrolyte 
(Figure 3.7a). The case dimensions are much larger than needed, but could potentially be 
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produced by low-cost, rapid prototyping tools. Cyclic voltammetry performed on the packaged 
3D-IMA between 1.0 and 2.5 V at a scan rate of 5 mV s
-1
 is shown in Figure 3.7b. Stable 
oxidation and reduction peaks occur at 1.3 V and 2.4 V. After cyclic voltammetry, galvanostatic 
charge and discharge was conducted at a rate of 0.5 C (Figure 3.7c). The capacity of the packaged 
3D-IMA is 1.2 mAh cm
-2
, normalized to the area of the current collector. The battery does not 
exhibit long-term cyclability, which likely results from poor hermeticity. Effectively packaging 
small (<1 mm
3
) liquid or gel containing microbatteries continues to challenge efforts in this arena 
and few examples of stable packaged microbatteries have been reported [34]. Further 
optimization of microbattery packaging is currently underway. 
          The Ragone plot in Figure 3.8 compares the areal energy and power densities of our 3D-
IMA with other relevant data recently reported in the literature[10,13,26-37]  . Figure 3.9 
provides a complementary Ragone plot that reports volumetric energy and power density.  Printed 
3D-IMA compares favorably against its rechargeable counterparts in terms of both areal energy 
and power density. The excellent performance results from the fabrication of high-aspect 
structures that occupy a small areal footprint, while maintaining reasonably small transport length 
scales to facilitate facile ion and electron transport during charging and discharging processes.  
The low voltage electrochemical couple demonstrated here limits the volumetric energy density. 
However, applying the same direct-write approach to other commercial lithium ion chemistries 
will yield volumetric energy densities competitive with those reported elsewhere [34,37]. 
 While this work emphasizes individual microbatteries, direct-writing enables highly 
scalable assembly of structures with relatively arbitrary geometry.  The technique could also 
rapidly and effectively fabricate large arrays of microbatteries or large area batteries of controlled 
architecture. 
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3.4 Conclusion 
In summary, we have fabricated novel 3D microbatteries by direct-write assembly. 
Careful design of concentrated LFP and LTO viscoelastic inks enabled printing of high-aspect 
ratio electrodes in interdigited architectures. With this LFP-LTO chemistry, we have 
demonstrated 3D-IMA with a high areal energy density of 9.7 J cm
-2
 at a power density of 2.7 
mW cm
-2
. These devices may find potential application in autonomously powered 
microelectronics and medical micro-implants. Efforts have also been attempted to package the 
3D-IMA structure within a small encapsulation and liquid electrolyte, but the cell failed to deliver 
long-term cyclability. Future research on effective packaging technique for 3D-IMA will be 
another key step before it can be completely ready for real applications.  
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3.5 Figures 
 
 
 
 
Figure 3.1 Schematic illustration of 3D interdigitated microbattery architectures (3D-IMA) 
fabricated on (a) gold current collector by printing (b) Li4Ti5O12 (LTO) and (c) LiFePO4 (LFP) 
inks through 30 m nozzles, followed by sintering and (d) packaging. 
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Figure 3.2 (a) Optical images of LTO and LFP inks. (b) Apparent viscosity of these inks as a 
function of shear rate. (c) Storage modulus of these inks as a function of shear stress. (d) Printing 
of LFP ink (60 wt% solids) through a 30 m nozzle to produce a multilayer structure. (e) SEM 
images, top (left) and side views (right), of the printed and dried multilayer LFP structure. (f) 
Height and width of patterned features produced by depositing these inks through a 30 m nozzle 
as a function of the number of printed layers. [Note: Red and blue symbols correspond to data 
obtained on LTO and LFP inks, respectively.] 
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Figure 3.3 Thermogravimetric analysis (TGA) of LFP and LTO inks heated at a ramp of 2
o
C min
-
1
 in nitrogen.  
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Figure 3.4 SEM images of (a) printed and (b) annealed LTO structures.  SEM images of (c) 
printed and (d) annealed LFP structures. Annealing is carried out at 600
o
C for 2 h in argon gas.  
 
 
 
 
 
 
c) d) 
a) b) 
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Figure 3.5 Carbon mapping of annealed (a) LTO and (b) LFP electrode structures. The bright 
contrast indicates regions with higher carbon distribution. TEM images of annealed (c) LTO and 
(d) LFP electrode structures. 
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Figure 3.6 (a) Optical and (b) SEM images of printed and annealed 16-layer interdigitated LTO-
LFP electrodes, respectively. Half-cell voltage as a function of areal capacity for (c) LFP and (d) 
LTO electrodes. (e) Full-cell voltage as a function of areal capacity for an 8-layer electrode 
structure. (f) Areal capacity of full cell composed of an 8-layer electrode structure measured as a 
function of number of cycles tested. 
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Figure 3.7 (a) Optical image of LTO-LFP 3D-IMA after packaging. (b) Cyclic voltammetry of 
the packaged 3D-IMA. (c) Charge and discharge curve of the packaged 3D-IMA. 
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Figure 3.8 Comparison of energy and power densities of printed 3D interdigitated microbattery 
architectures (3D-IMA) with other approaches.  
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Figure 3.9 Comparison of volumetric energy and power densities of our printed, unpackaged 3D 
interdigitated microbattery architectures (3D-IMA) to reported literature values. 
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CHAPTER 4 
AQUEOUS LITHIUM ION BATTERIES ON PAPER SUBSTRATES
3 
 
4.1 Introduction 
For millennia[1], paper has remained a key human technology applied in a variety of 
applications ranging from substrates for printed language and aircraft material to analogue 
recording media and data transmission. Recently, researchers have revisited paper as a candidate 
substrate for electronic devices.  Paper’s attractive qualities extend beyond its low-cost and 
environmental friendly nature to its ability to absorb and bind different inks as a result of its 
hierarchical porous and fibrous structures and its surface chemistry.  A wide variety of electronic 
and biomedical devices have been demonstrated on paper substrates, including organic 
photodiodes[2], organic thin-film transistors [3], thermochromic displays[4] and disposable 
microfluidic and diagnostic devices[5]. Low cost patterned devices may be fabricated simply 
based on ink-jet or e-jet printing.  Ideally, high power and high energy density storage media 
would be integrated on paper substrates in ambient conditions to enable new low cost devices.   
The surface roughness and porous structure of paper endow it with large surface area, which is 
desirable in electrochemical storage applications, such as supercapacitors and Li-ion batteries. Hu 
and Cui demonstrated that paper can serve as light-weight and flexible current collectors for 
supercapacitors and non-aqueous lithium ion batteries when coated by single wall carbon 
nanotubes (SWCNT)[6].  They have shown that these paper-based electrochemical power sources 
possess similar or even superior rate performance and cycling stability when compared with their 
traditional counterparts, which are deposited on metallic current collectors.  They also outperform 
                                                 
3
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polymer substrates utilized for flexible energy storage applications in terms of adhesion of the 
electrode materials.  
 Replacement of metal current collectors with paper current collectors in lithium ion 
batteries would reduce their cost and weight.  Paper batteries also hold the promise of powering 
next generation flexible electronics, but effective battery packaging strategies remain to be 
developed [7]. However, these initial trials utilize non-aqueous electrolyte, which is highly 
flammable and can cause safety hazards if used improperly (e.g. overcharging or short-circuiting). 
Inherently flammable paper current collectors might exacerbate the hazard associated with 
catastrophic failure.  A possible approach to circumvent this problem is to use an aqueous 
electrolyte, which adopts a “rocking-chair” concept similar to the organic lithium-ion battery [8].  
Aqueous chemistry lithium ion batteries have been successfully demonstrated primarily using 
NASICON type compounds as anode materials and layered transitional metal oxides as cathode 
materials [9, 10].  Aqueous electrolytes also typically offer cost savings, faster diffusion kinetics, 
and simplified ambient assembly.  Aqueous Li-ion based systems are ideal for fabrication in 
ambient environments, because the electrode materials and electrolyte are stable in air and 
relatively non-toxic.  These benefits make aqueous Li-ion paper batteries an ideal technology for 
simple low cost energy storage and enable new device design opportunities for engineers and 
enthusiasts.  For example, the technology also generates new opportunities for pen on paper 
power sources to complement pen on paper electronics[11] and expand the range of devices that 
can be deterministically assembled by hand in the field. 
This work demonstrates paper based Li-ion batteries functioning in aqueous electrolyte. 
Commercial LiMn2O4 cathode materials and synthesized carbon coated TiP2O7 anode materials 
will serve as electrodes on SWCNT coated paper substrates. We anticipate such batteries should 
78 
 
perform well in terms of energy and power density, with respect to their aqueous secondary 
battery counterparts.  While the approach is a combination of two existing technologies, paper 
batteries and aqueous Li-ion batteries, it is not trivial to assume that this technology will function 
effectively.  The structure of paper is sensitive to water infiltration, which will affect the 
electrodes coated on this substrate.  Additionally, the interactions between water and the relatively 
hydrophobic conductive carbons, SWCNT, and polymers could influence overall stability of the 
structure.  
4.2 Experimental methods 
4.2.1 Synthesis and characterization of carbon coated TiP2O7 powder 
In a typical synthesis, 14.84g anatase TiO2(Alfa Aesar 99.9%), 5.16g NH4H2PO4( Alfa 
Aesar 99.99%), and 1.43g hydroxyethylcellulose(Sigma Aldrich 99.9%) were mixed and ball 
milled with alumina media for 24 hours to produce a homogeneous precursor.  This white 
precursor powder was annealed in a tube furnace at 700
o
C for 30 mins. During annealing, argon 
flowed through a toluene bubbler at room temperature and then through the tube furnace. After 
annealing, a coarse dark gray product was hand milled in a mortar and pestle.  In the reaction, 
TiO2 and NH4H2PO4 decomposed and reacted to form TiP2O7. At the same time, 
hydroxyethylcellulose was pyrolyzed into glassy carbon.  The presence of toluene vapor ensured 
continuous carbon coating of the TiP2O7. The resulting dark gray powder is characteristic of the 
elemental carbon.    The powder was characterized via X-Ray diffraction (XRD, Siemens-Bruker 
5000), scanning electron microscopy (SEM, Hitachi S-4700), and transmission electron 
microscopy (TEM, JEOL 2100).  
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4.2.2 Paper electrodes processing  
The conductive paper substrates were fabricated according to ref[6]. To form a SWCNT 
ink, SWCNTs (Nano lab) and sodium dodecylbenzenesulfonate (Sigma–Aldrich) were dispersed 
in deionized water. Their concentrations were 10 and 1 mg/mL, respectively. After bath 
sonication for 5 min, the SWCNT dispersion was probe-sonicated for 30 min at 200W within an 
ice bath.  This process resulted in a reasonably uniform ink. A doctor blade was used to coat the 
SWCNT ink onto Xerox (Boise) paper. The sheet resistance of conductive paper was measured by 
using the four-point probe technique (EDTM).   
Cathode and anode slurries were made by mixing LiMn2O4 (Sigma Aldrich) or TiP2O7, 
Super P carbon (TIMCAL) and PVDF-HFP copolymer(Arkema Kynar Flex® 2801) with a 
volumetric ratio of 85:10:5 in 1-methyl-2-pyrrolidinone (Sigma Aldrich) solvent.  The slurry was 
then casted onto the conductive paper substrates with a doctor blade, dried under an infrared lamp 
and then placed in a vacuum oven to yield the final electrodes.  Scanning electron microscopy 
was applied to characterize the microstructure of the sample during each step of the process.  
4.2.3 Electrochemical test 
Baseline electrochemical characterization of TiP2O7 versus Li was performed in 
nonaqueous electrolyte, Swagelok-type cells were assembled in an argon-filled glove box. These 
cells were comprised of a Li metal disc as both the reference and counter electrode, a separator 
saturated with a 1 M LiPF6 solution in ethylene carbonate (EC) dimethyl carbonate (DMC) (1:1 in 
weight) as the electrolyte, and the TiP2O7 paper electrode as the working electrode. In order to test 
the performance of the aqueous paper battery, a pouch cell was assembled in ambient condition 
using LiMn2O4 as the cathode, TiP2O7 as the anode, and a piece of filter paper saturated with 5M 
LiNO3 aqueous solution as separator.  Both cells were tested by cyclic voltammetry, and 
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galvanostatic charge and discharge using a potentiostat/galvanostat (SP200, Biologic Co, Claix, 
France).  
 
4.3 Results and discussion 
4.3.1 Characterization of carbon coated-TiP2O7 particles 
A powder diffraction pattern of as-synthesized carbon coated TiP2O7 is shown in Figure 
4.1a.  The sharp and intense peaks in the pattern indicate the highly crystalline nature of the 
material.  The pattern can be indexed according to the cubic 3X3X3 super structured TiP2O7 with 
Pa3 space group.  The crystallite size calculated using the Scherrer equation is 63(±5) nm.  The 
TiP2O7 phase accounts for all of the diffraction peaks in the pattern and no other crystalline phase 
is identified.  The pyrolized carbon should be either amorphous or at concentrations insufficient to 
produce discernible peaks.    
The primary particle size of TiP2O7 is on the order of tens of µms with a broad size 
distribution as observed by SEM in Figure 4.1b. However, higher magnification (Figure 4.1c) 
reveals that the larger particles are porous and composed of smaller crystallites.  They also have a 
broad size distribution varying between about 0.1 and 2 µm. This hieratical and porous structure 
should be advantageous as the high surface area will enhance the rate capability of the electrode 
particles without significantly compromising the volumetric energy density, which commonly 
results from inefficient packing of nanoparticles[12].   Energy dispersive x-ray spectroscopy 
(Figure 4.1d) reveals the presence of Ti, O, P, and C. TEM images (Figure 4.1e) confirm the 
presence of a thin amorphous carbon film coating the TiP2O7 particles. This film resembles 
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carbon films reported elsewhere in the literature [13, 14]. On the basis of the SEM images and 
EDS it is inferred that this thin coating material is carbon based.  
Figure 4.1f depicts the results of cyclic voltammetry performed on the carbon coated 
TiP2O7 cycled against lithium in nonaqueous electrolyte.  At a scanning rate of 5mV/s, anodic and 
cathodic peaks occur near 3.1V and 2.1V, respectively.  The equilibrium potential of the reaction 
between TiP2O7 and lithium exists at ~2.6V[15].  The reduction in cathodic peak current after the 
first discharge results from irreversible intercalation of approximately 0.2 units of Li, which is 
commonly observed for TiP2O7[15].  Overall, the reversibility and rate capability of the TiP2O7 
are reasonable during the first few cycles as shown in the plot.  
4.3.2 Characterization and electrochemical testing of the paper based electrodes and 
batteries 
The use of paper as current collectors for aqueous batteries requires SWCNT coating to 
enhance the electrical conductivity.  The conductive carbon filler in the electrode slurry itself only 
guarantees through thickness electronic percolation and does not provide significant in-plane 
electronic percolation. SEM images of paper substrates before SWCNT ink coating, after 
SWCNT ink coating, and after subsequent electrode slurry coating are shown in Figure 4.2.  The 
lower magnification images (Figure 4.2a-c), demonstrate the progressive filling of porosity and 
the gradual elimination of the fiber texture at the surface. The higher magnification images 
(Figure 4.2d-f), reveal how the fibers are first covered by sub 100nm thick nanofibrils, which 
should be CNT coming from the coating process, and subsequently by a layer of TiP2O7 particles. 
These images show the conformal nature of the SWCNT ink coating, which does not destroy the 
microscale porosity of the paper.  The electrode slurry subsequently fills these pores and fills the 
entire electrode more efficiently. 
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In order to test the efficacy of the SWCNT coating in enhancing electronic conductivity, 
the sheet resistance was measured for the 3 paper samples shown in Figure 4.2. The stock paper is 
completely resistive and no measured value is obtained.  After SWCNT coating the resistance 
reduced to 120Ω/square.  After the slurry coating, the sheet resistance is 100Ω/square, this 
suggests that the super P carbon filler contributes minimally to planar electronic percolation.  
For aqueous battery systems, avoiding oxygen and hydrogen evolution is crucial. TiP2O7 
with an electrochemical potential of 2.6V versus Li/Li
+
 and 0.1V versus SHE (standard hydrogen 
electrode), is in the electrolysis free window, but LiMn2O4 has a significant amount of capacity 
above 4V versus Li/Li
+
 and 1.5V vs. SHE, which is about 0.2 V above the oxygen evolution 
voltage [16]. However, LiMn2O4 has been shown to work well in aqueous batteries [9, 10], 
potentially because of kinetic limitations on oxygen evolution that result from the surface 
chemistry of this material. Figure 4.3a plots a typical charge-discharge curve for the aqueous 
paper battery. The current density is 2C with respect to the weight of TiP2O7.  The cell is designed 
with excess capacity in the LiMn2O4 in order to protect the cathode from overcharge. In this curve, 
the battery is shown to deliver a discharge capacity of around 90mAh/g with respect to TiP2O7 
and working voltage of about 1.4V. The overpotential between the charge and discharge plateaus 
is less than 0.1V, which reflects the facile reaction kinetics of both materials and the excellent 
electronic percolation of the paper based current collectors.  
In order to check the rate capability of the aqueous paper battery, it is discharged at 
different current densities.  The discharge curves are shown in Figure 4.3b. At 2C, the cell 
maintains over 90% of its theoretical capacity, and even at 10C it continues to deliver about one 
third of its theoretical capacity. This slightly outperforms its non-aqueous counterpart in the 
LiMn2O4- Li4Ti5O12 system[6].  However, the results are difficult to directly compare given the 
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different chemistries and particle size distributions in the two works. The rate performance of 
aqueous paper battery was also compared with other types of aqueous batteries in a Ragone plot 
shown in Figure 4.3c. The aqueous paper battery outperforms other standard aqueous secondary 
batteries with regards to gravimetric energy and power density. The lithium intercalation system 
used here has inherently superior specific capacity and the lightweight paper substrate reduces the 
mass penalty associated with inactive system components:  in order to deliver a same capacity 
with TiP2O7 electrode, the weight of paper current collector used is calculated to be 18.4mg mAh
-
1
, while 37.4 mg mAh
-1
 of stainless steel foil is needed. 
The cycle life of the complete cell was tested at 2C for over 100 cycles, and it is shown in 
Figure 4.3d. After 100 cycles, the cell maintains approximately one third of its original capacity. 
This cannot be compared directly to most non-aqueous Li-ion battery systems since nearly no 
passivation occurs in aqueous Li-ion battery to alleviate the side reactions[16], but when 
compared with some aqueous lithium ion batteries, this cell performs reasonably well [9, 17]. 
Another report utilizing LiMn2O4- TiP2O7 on metallic current collectors in aqueous electrolyte[9] 
observed a two thirds reduction in capacity after only 25 cycles.  
To investigate the mechanism for capacity fade, SEM images of LiMn2O4 and TiP2O7 
electrodes were taken, at the same location, before and after 10 cycles of charge and discharge at 
1C.  As shown in Figure 4.4a and Figure 4.4b, the morphology of the LiMn2O4 electrode is 
relatively stable over the 10 cycles. However, the TiP2O7 electrode exhibits tremendous 
morphological change in the same period. Figure 4.4c&d demonstrate that an ~100 µm particle 
was reduced to form several much smaller particles after cycling. Figure 4.4e&f reveal the 
complete disappearance of several 5-10 µm particles and a ~30% reduction in the size of a 30 µm 
particle.  These observations are indicative of TiP2O7 dissolution during cycling.  This process 
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leads to the observed capacity fade, and the volume of dissolved TiP2O7 is qualitatively 
comparable to the amount of capacity fade over 10 cycles, ~40%. The improvement in cycling 
life compared to an earlier study [9] might be explained by the improved chemical stability of the 
surface imparted by the additional carbon coating TiP2O7 applied here.  
 
4.4 Conclusion  
This work demonstrated an aqueous paper battery based on an electrochemical couple 
between LiMn2O4 and carbon coated TiP2O7 electrodes on carbon nanotube coated paper current 
collectors. SWCNT coating significantly reduces the sheet resistance of the paper and provides a 
robust framework for electrode penetration.   The system exhibits enhanced rate capability 
relative to comparable non-aqueous systems and improved cycle life relative to similar systems 
fabricated on metal current collectors. The mechanism for capacity fade is associated with TiP2O7 
dissolution. 
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4.5 Figures 
 
Figure 4.1 (a) XRD pattern of as synthesized carbon coated TiP2O7. (b) and (c) SEM images of a 
TiP2O7 particle at different magnifications. (d) EDX spectrum of the area shown in (b). (e) TEM 
image of a single TiP2O7 particle. (f) cyclic voltammetry profile of carbon coated TiP2O7 with 
lithium metal as both counter and reference electrodes, scanning rate: 5 mV s
−1
. 
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Figure 4.2 (a)–(c) Low magnification SEM images of Xerox paper before CNT coating, after 
CNT coating and after both CNT coating and electrode slurry deposition. (d)–(f) high 
magnification SEM images of Xerox paper before CNT coating, after CNT coating and after both 
CNT coating and electrode slurry deposition. 
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Figure 4.3 (a) A representative charge–discharge curve of LiMn2O4–TiP2O7 aqueous paper 
battery. (b) discharge curves of the battery at different current densities. (c) comparison of the rate 
capability of a LiMn2O4–TiP2O7 aqueous paper battery with other aqueous battery systems. (d) 
cycling performance of the battery for 100 cycles. 
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Figure 4.4 SEM images of LiMn2O4 electrodes before (a) and after (b) 10 galvanostatic cycles. 
Low magnification images of TiP2O7electrodes before (c) and after (d) 10 galvanostatic cycles. 
High magnification images of TiP2O7 electrodes before (e) and after (f) 10 galvanostatic cycles. 
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CHAPTER 5 
STUDY OF GROWTH KINETICS OF FE3O4 NANOWIRES CATALYZED 
BY TRANSITION METALS—RESEARCH ON NEW ROUTE FOR 
GROWTH OF 3D ELECTRODE FOR 3D MICROBATTERIES 
 
5.1 Introduction 
In the search for high energy density electrode materials for Li-ion batteries, it has been 
found that certain transition metal oxides such as Fe3O4, MnO2, NiO can react with lithium via a 
conversion mechanism and deliver a capacity of over 10 times of conventional electrode materials 
such as LiCoO2, LiFePO4[1]. As a result, these materials have attracted much interest [2].  
However, due to the significant thermodynamic hysteresis during the (de)lithiation processes, 
these materials have to be processed into nano-dimension to reduce the kinetic barriers for the 
transport of Li
+
 and electrons during the reaction to increase its efficiency. 1D nano-structures, 
such as nanowires and nanotubes, have been popular geometry in the past research on this. 
Development of sustainable and scalable ways to synthesize these structures remains one of the 
challenges that inhibit the appearance of these new materials in commercial batteries, and it is 
also the one of the main hurdles that prohibit their application as building blocks for other 
emerging functional devices such as short-wavelength semiconductor diodes and lasers, dye-
sensitized solar cells, nano-transistors, sensors [3-5].  
To date, most successful synthesis routes for producing metal oxide nanowires of different 
chemistries on substrates have been achieved with VLS (vapor-liquid-solid), hydrothermal growth, 
and templating [6-8]. These routes are relatively reliable in synthesis but typically require 
complex or expensive apparatuses that, with the exception of wet chemical synthesis, confine 
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their processing to the domain of lab-scale applications. Much less experimentally sophisticated 
techniques have also been invented. It has been shown that directly heating a metal substrate in air 
can lead to nanowire growth on several metals, such as copper, cobalt, iron, aluminum etc. [9-11].  
This new technique only requires controllable heat sources so the cost in apparatus and expertise 
needed is minimal, which makes it attractive in industrial-scale production. However, because 
these cases of nanowire growth are performed in ambient air with a high partial pressure of 
oxygen, the growth of bulk oxide scale is fast and can approach over 50μms in thickness within 
the time of processing.  This concomitant bulk oxide is undesirable if electrical or electrochemical 
devices are going to be directly built on the metal substrates with the nanowires. In addition, it 
also greatly reduces the efficiency of conversion if this technique is mainly used in large batch 
nanowire synthesis.  So this technique will be of more usefulness if the bulk oxide scale growth 
could be prevented or at least impeded.   
Catalyzed oxidation for nanowire growth (CONG) is a substrate supported metal oxide 
nanowire synthesis technique developed recently by Tai et al. [12]. The technique employs 
catalysts (e.g. Cu or Bi) to localize oxidation of their corresponding elemental metal substrates.  
The process results in  nanowire growth for a variety of metal oxides, including MnO, Fe3O4, 
WO3, MgO, TiO2, ZnO, ReO3, and NiO.  CONG is analogous to VLS (vapor-liquid-solid) or VSS 
(vapor-solid-solid) growth of metal oxide nanowires [6]. However, in VLS/VSS both anions and 
cations originate in gaseous precursors, while in CONG cations and anions originate from the 
substrate and the gaseous environment, respectively.  This growth mechanism requires that cation 
diffusion exceeds anion diffusion in the oxide produced.  Most metal oxides, including those 
listed above, satisfy this condition.  
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Figure 5.1 is a graphic illustration of the growth mechanism proposed by Tai et al.[12]. In 
a typical growth process, a metal substrate is surficially preoxidized or coated by a thin layer of 
metal oxide prior to the deposition of nanometer-range transition metal coating. When the metal 
substrate is oxidized with relatively low oxygen concentration (e.g. 100ppm or an equivalent of 
100pa in partial pressure) and for short times the reaction is anticipated to be interface reaction 
limited. However, the metal nanoparticles as shown in Figure 5.1b are more effective than the rest 
of the exposed oxide surface in reducing oxygen.  The O
2-
can then combine with cations supplied 
from the metal substrate to form metal oxide.  
Representative images of nanowires produced by CONG are shown in Figure 5.2. The 
process results in densely packed nanowires 5-10µm in length and 50-100nm in diameter.  
Several materials demonstrated in Figure 5.2 are also interesting candidates for lithium ion 
electrodes, including MnO [13] and Fe3O4.  With respect to the dimensions of the nanowires 
synthesized here, CONG appears promising for preparing certain transition metal oxide 
nanowires for energy storage applications.  In particular, if different metals can be patterned onto 
appropriate current collectors on a single substrate in an interdigitated pattern and simultaneously 
oxidized by CONG, it might be possible to obtain 3D microbatteries based on these metal oxide 
nanowires (see schematic in Figure 5.3).  
Preliminary experiments utilized copper and bismuth catalysts to demonstrate the growth 
of a variety of metal oxide nanowires [12], and the proposed approach has promise for producing 
nanowire microbatteries.  However, the growth process and mechanism have not been 
systematically studied. In particular, several important questions remain unresolved in this context. 
First, the importance of the initial state, underlying oxide, and growth conditions (temperature and 
oxygen concentration) have not been investigated. An underlying prexidation-grown metal oxide 
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barrier appears necessary for the nanowire growth and its role has not been fully appreciated. In 
the original experiments the oxygen partial pressure was regulated by using toluene vapor to fix 
oxygen concentration, but the exact value was unknown. In addition, the introduction of toluene 
vapor into the growth chamber leads to carbon deposition on the growing nanowires in parallel 
with the oxidation process, which convolutes the growth process. Therefore, it is desirable to 
perform the experiment again in a well-controlled growth environment to remove ambiguities 
mentioned above. Second, the proposed growth mechanism described above from ref.[12] is only 
hypothesized, and a more quantitative treatment of the growth kinetics should be performed to 
verify the mechanism. For instance, one of the fundamental hypothesises as mentioned is that the 
growth of metal oxide at low oxygen partial pressure is in linear regime when catalyst is absent, 
and the reason for copper to catalyze growth of nanowire is the local enhancement of oxygen 
reduction kinetics.. A systematic growth kinetics study will help to clarify these points and also 
lead to a better quantitative understanding of the growth mechanism, which might then be used to 
make predictions about the limits of the growth process. Third, if the above mechanism is correct 
and the difference between speed of oxygen reduction on the exposed surface and that on catalyst 
surface matters, then the chemistry of metal catalyst applied in the study should also be crucial 
because different transition metals are known to have different oxygen reduction activity[15]. 
With regard to this, it is also worthwhile to study the catalytic efficiency of other transition metals 
such as platinum, palladium, silver, nickel etc. in addition to copper as a full-spectrum 
comparison. This will serve as a guide to optimize catalyst selection for the growth process. This 
data can also be useful for better understanding the oxygen reduction efficiency of different 
transition metals.  
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In this work, catalyzed growth of Fe3O4 (magnetite) nanowires is chosen as a model 
system to study the growth kinetics of the process with a variety of transition metal catalysts, and 
the questions raised above will be addressed.  
 
5.2 Experimental procedure 
Iron pellets (99.95%, Kurt J. Lesker) were polished to a mirror appearance with 1200-grit 
sandpaper. The pellets were then cleaned with acetone, dried, and a thin layer of MgO (or TiO2, 
MoO3) of a thickness of 200nm was deposited onto these substrates in an e-beam evaporator 
(Temescal six pocket E-Beam Evaporation Systems). The deposited metal oxide layer functions 
as an initial oxide barrier between the metal substrate and the metal nanoparticle catalyst. A 
certain metal catalyst such as copper, silver, gold, titanium, chromium, and palladium was 
deposited onto the MgO coated iron substrate with the same e-beam evaporator. The chamber was 
evacuated to a base pressure of 6×10
-6 
torr before the deposition. The apparent thickness of the 
catalyst indicated by the crystal monitor was always controlled to 3nm for different catalysts, and 
the deposition speed was controlled to be 1Ås
-1
. Some samples were coated with platinum with a 
sputtering coater system (ATC 2000 custom four gun Co-sputtering system), the apparent 
thickness deposited was also 3nm, with a deposition speed of 1Ås
-1
. For rhodium catalyst,  1mg of 
rhodium(III) acetylacetonate (Sigma Aldrich)is first dissolved in 10ml of acetone, and then two 
drops of the solution were applied onto the ~3mm
2
 top surface of MgO coated iron substrate. 
Similar experiments were also performed using iron wires (150μm, Alfa Aesar).  Samples were 
annealed in 100ppm oxygen-argon or 1000ppm oxygen-argon for times ranging from 5-2400min 
at temperature between 500-600
o
C. A flow rate of 80 ml min
-1
 was used in each experiment. In 
order to demonstrate the role of the metal catalyst in localizing the reaction, on several MgO 
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coated iron substrates the copper was patterned into interdigitated patterns (900 x 900 m2, 70 m 
wide, and 50 m spacing)using photolithography . 
Focused ion beam milling was used to obtain cross-sections of the iron substrate to image 
the thickness of the bulk oxide. The as-synthesized nanowires were characterized by scanning 
electron microscopy (JEOL-6060LV SEM), and transmission electron microscopy (JEOL-
2010LaB6, JOEL-2010F TEM). Element analysis was performed using energy dispersive 
spectroscopy (EDS) in the TEM.  
 
5.3 Results  
5.3.1 Examination of critical conditions and parameters in CONG process 
 To demonstrate that copper catalyst is vital in promoting preferential growth, the catalyst 
was patterned on a polished and MgO coated iron substrate, followed by the annealing process 
used to grow Fe3O4 nanowires at 600
o
C under 100ppm oxygen ambient .  It can be seen in Figure 
5.4 that nanowires primarily evolved in regions with copper catalyst, and only several nanowires 
were observed in the uncoated areas. This clearly shows that presence of copper is determinant in 
the growth process of Fe3O4 nanowires. 
 It is also worth noting here that in this experiment no toluene vapor was involved, so it is 
evident toluene’s role in the original study was only an oxygen concentration reducer. Throughout 
this study the oxygen concentration will be always directly controlled by the precursor gas, which 
will make the growth condition much more consistent than before. 
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A copper catalyzed oxidation experiment  in argon at 600
o
C under 1000ppm can be used 
to further demonstrate the importance of effective and consistent control of oxygen concentration 
on the outcome of the growth process . As shown in Figure 5.5a and its inset, the increase of 
oxygen concentration significantly increases the thickness of the bulk oxide underlying the 
nanowires. The ratio of the thickness of oxide scale to the average length of Fe3O4 nanowires is 
over 10 at 1000ppm, while ~0.7 at 100ppm (shown in Figure 5.5b and its inset). A thick bulk 
oxide growth in the growth process apparently renders the material less attractive in applications 
such as Li-ion batteries. Based on the proposed mechanism in the introduction, this phenomenon 
can apparently be explained by the argument that the increased oxygen partial pressure increases 
the oxygen reduction rate on the metal oxide. The nanowire growth rate should be similarly 
enhanced, until the kinetics become diffusion limited.  However, in order to obtain a quantitative 
description of the growth, a more comprehensive study of the kinetics of the oxidation and 
nanowire growth is needed, and it is described below.  
In addition to the requirements of the presence of catalyst and appropriate oxygen 
concentration, metal oxide coatings on the iron substrate are also crucial to enable Fe3O4 
nanowires growth. This fact is illustrated with Figure 5.6. When the surface of iron is coated with 
200nm of MoO3, TiO2 and MgO, growth of Fe3O4 nanowires catalyzed by copper can be 
consistently observed. In contrast, few nanowires were observed with the same amount of copper 
catalyst applied directly on the iron substrate. Copper is immiscible with iron, so the role of oxide 
barrier should not be prevention of dissolution of catalyst into the substrate during annealing. This 
phenomenon can probably be explained with the help of simple schematics in Figure 5.7.  When 
the iron substrate is directly exposed to oxidative ambient together with the catalysts as shown in 
Figure 5.7b, the difference in local oxidation rate between regions with and without catalyst is 
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insignificant because the exposed iron surface is also self-catalytic in the oxidation process. The 
iron oxide growing at the same rate as the catalyst oxide surrounds the catalyst and eventually 
most of the catalyst is buried underneath the oxide scale, as shown in Figure 5.7c .The use of 
oxide barrier prevents the fast initial iron oxide growth (Figure 5.7 d-f).  
To make the oxidation and growth conditions consistent through this work, MgO is the 
only oxide barrier applied in all kinetics and catalyst study in the rest of this paper. MgO is 
chemically and structurally stable, and has a cation diffusivity for a refractory oxide [20].  
  
5.3.2 Oxidation and nanowire growth kinetics study 
The growth kinetics of the Fe3O4 oxide layer without catalyst was measured under100ppm 
oxygen ambient at 600 
o
C and it is shown in Figure 5.8. It is seen that over the whole time range 
the growth kinetics of iron oxide is approximately linear, which further corroborates the 
fundamental hypothesis in the proposed growth mechanism that during the growth surface oxygen 
reduction is the rate-limiting step of oxide growth on 200nm MgO-coated iron substrate. The 
linear growth coefficient, v, during this oxidation is around 3.7nm min
-1
 or 5.8×10
-9
cm
 
s
-1
. The 
parabolic growth coefficient kp of Fe3O4 when the oxidation is under diffusion control is around 
7×10
-12
cm
2
s
-1
[14]. The thickness l of the oxide where the transition of linear to parabolic growth 
approximately happens around the point when 
𝑘𝑝
𝑙
= 𝑣.  It is calculated to be 12 µm in this case. 
This is in agreement with our oxidation kinetics measurement at 100ppm oxygen ambient, in 
which the growth in still linear at a thickness of 4.2 µm. 
Figure 5.9a shows the average lengths of nanowires grown with Cu catalyst as a function 
of reaction time at different temperatures, respectively.  In this plot two auxiliary lines with slopes 
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of 1 and 0.5 are also plotted as a reference.  It can be seen that there appears to be a linear-to-
parabolic transition in growth kinetics, especially at lower temperatures. Similar behavior has also 
been observed in solid state nanowire synthesis and conversion [17]. It is indicative of a process 
that is initially limited by reaction at the proceeding interface and subsequently becomes 
controlled by the transport of reactive precursors in the growing phase. This agrees with the 
hypothesis proposed in ref.[12] that the growth process is initially controlled by surface reduction 
of oxygen. From Figure 5.9a, at 575
o
C, the linear growth coefficient, v, of Fe3O4 nanowire is 
approximately 35nm min
-1
, which is close an order of magnitude higher than the bulk oxidation 
rate 3.7nm min
-1
 when a MgO coated iron substrate is being oxidized at 600
o
C under 100ppm 
oxygen ambient. This demonstrates that copper’s role as a catalyst of nanowire growth is through 
the enhancement of the local oxidation speed, and this apparently supports the proposed 
mechanism.  
From 500
o
C to 575
o
C, the linear to parabolic transition time and average nanowire length 
gradually shifts towards lower values as ambient temperature increases. This results from the 
different activation energies of v and kp. The logarithms of the growth coefficients are plotted 
against 1/kBT in Figure 5.10a. It is calculated that the activation energy in the linear growth 
regime with copper catalyst is1.29±0.05eV. By the fitting of parabolic growth data points, the 
parabolic growth coefficient 𝑘𝑝 in the growth equation 𝑙
2-𝑙0
2 = 𝑘𝑝(𝑡 − 𝑡0) can be determined for 
each temperature. The 𝑘𝑝values are plotted versus 1/kBT in Figure 5.10b to yield the activation 
energy for parabolic growth regime ~1.03±0.03 eV. In the proposed growth mechanism, the 
nanowire growth process is envisioned as catalyzed surface oxidation in series with cation and/or 
electronic defect diffusion from the iron substrate. This process resembles the thick oxide film or 
scale growth on a metal substrate by direct oxidation in oxygen in the diffusion limited regime 
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[14]. So Wagner theory for thick oxide growth can be conveniently used to understand the growth 
kinetics here [14]. It is predicted with Wagner theory that the parabolic growth coefficient 
𝑘𝑝=
6
𝑓
𝐷𝐹𝑒2+
∗ , in which 𝐷𝐹𝑒2+
∗  is the self-diffusion coefficient of Fe
2+ 
in growing Fe3O4, f is the 
correlation factor for the self-diffusion process. The parabolic growth coefficient 𝑘𝑝 is 
proportional to ,𝐷𝐹𝑒2+
∗ , and they should have similar activation energy.  The activation energy 
obtained here is much smaller than literature values for the lattice diffusion of Fe
2+
 in Fe3O4 4-
4.9eV, and it is much closer to the value calculated for surface diffusion of  Fe
2+
 0.65eV[18].  
A systematic study of the process was performed with palladium as an alternative to 
copper. Palladium was chosen due to its high reported oxygen reduction rate [15] and its relative 
availability. The samples were analyzed in the same manner as described above for copper. The 
growth kinetics are show in Figure 5.9b and the Arrhenius plots are shown in Figure 5.10. The 
parabolic rate coefficients are the same, within errors for both catalysts, copper and palladium, 
which is consistent with the same diffusion process controls both processes. The linear growth 
coefficient for palladium is less than copper, suggesting that the interface reaction rate is higher 
for copper than palladium. The activation energy of the catalyzed oxygen reduction 
process~0.93±0.19eV for palladium is smaller than the 1.29eV calculated for copper. The trend 
here is consistent with simulation results for the energy barriers belonging to different oxygen 
reduction catalysts in fuel cells [15], 1.11eV and 0.56eV for copper and palladium respectively.  
 
5.3.3 Growth of Fe3O4 nanowires with various transition metal catalysts  
Figure 5.11a-i depict the surface morphology after the nanowire growth process was 
performed at 600
o
C under 100ppm oxygen ambient for 5 hours using various transition metal 
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catalysts. Amongst them, titanium and chromium catalysts did not produce nanowires, while 
copper, nickel, palladium, silver, rhodium and gold all led to significant nanowire growth on the 
surface of the substrates. TEM images and selected area electron diffraction patterns of these 
nanowires revealed that the nanowires grown were single crystalline magnetite Fe3O4, regardless 
of the choice of coating metal ( Figure 5.11j). Notably, the tips of these nanowires were all 
terminated with a match-head shaped nanoparticle. STEM images and corresponding EDS 
mapping was used to confirm the chemistry of the catalyst was consistent with the applied 
transition metal (Figure 5.12 a-g).Chromium and titanium do not function as catalysts because 
their oxide formation energies -700kJ mol
-1
 and -860kJ mol
-1
, respectively, exceed that of iron 
oxide, -520kJ mol
-1
. 
The nanowire growth rate was compared for each of the catalysts within the linear growth 
regime (120min at 600
o
C). This allows the catalytic efficiency of each metal to be compared 
directly. The data is plotted in Figure 5.13a&b, where the abscissa, ∆𝐸0, is the enthalpy change in 
the decomposition of molecular O2 to adsorbed oxygen atom on the catalysts’ surfaces calculated 
in ref.[15]. The data is shown in two forms. The first set of data points correspond to the original 
lengths. The second is obtained by dividing these data points with the average ratio of the 
diameter of the catalyst to the diameter of the nanowire (Table 5.1).  The plots in Figure 5.13 have 
the general form of the well-known ‘volcano’ plots developed by Norskov et al. to predict the 
oxygen reduction reaction rate of catalysts [15].  The explanation for this ‘volcano’ shape 
provided in Ref [15] is correlated with the adsorption and desorption enthalpies of adsorbed 
oxygen. The only difference is that in this plot the highest growth activity and oxygen reduction 
capability of both cases are exhibited by copper instead by platinum as shown in Ref. [15].  
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5.4 Discussion 
As it is shown in the last section, the results of the above studies are largely in agreement 
with the proposed mechanism for the CONG process described by Tai et al.[12]. In the linear 
regime metal nanoparticles on oxide coated substrates catalyze the growth of oxide nanowires 
when the catalyst is nobler than the base metal. 
In the kinetics study, it has also been demonstrated that when the growth process is 
performed long enough the growth kinetics of nanowires will always start to go through a 
transition from linear to parabolic regime, which is explained by assuming that mass transport in 
the form of cation diffusion from the substrate through the underlying oxide and along the 
nanowires becomes the rate limiting step when the nanowires become long enough [17]. An 
important implication of this limitation on mass transport is that oxidation or nanowire growth 
kinetics might get saturated even when catalyst is present, which sets the limits of the ability of 
CONG in nanowire growth. This actually can be used to explain why the oxidation performed 
under 1000ppm oxygen ambient at 600
o
C leads to extremely thick underlying oxide scale but 
short nanowires.   As it is calculated above, the linear growth coefficient v of oxide on an MgO-
coated iron substrate at 600
o
C under 100ppm oxygen is around 3.7nm min
-1
. The thickness l of 
the oxide where the transition of linear to parabolic growth approximately happens around the 
point when 
𝑘𝑝
𝑙
= 𝑣.  When the oxygen concentration is increased to be 1000ppm, the surface 
oxidation speed is supposed to get increased by 10 times to be 5.8×10
-8
 cm s
-1
[14]. In this case the 
transition is supposed to happen at a smaller oxide thickness of 1.2 µm and a transition time of 
40min. In the parabolic growth regime, the growth equation of oxide is 
𝑑𝑙
𝑑𝑡
=
𝑘𝑝
𝑙
, its integrated 
form is 𝑙2 − 𝑙0
2 = 2𝑘𝑝(𝑡 − 𝑡0) or l = √2𝑘𝑝(𝑡 − 𝑡0) + 𝑙0
2 , in this equation l0 and t0 corresponds to an 
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arbitrary point on the growth kinetics curve within the parabolic growth regime. An approximate 
plot of the growth curve of Fe3O4 growth without catalyst during the diffusion controlled time 
regime can be drawn by putting the linear to parabolic transition thickness and time into the 
equation as l0 and t0.  
The growth curve of catalyzed oxidation can be plotted in an approximate way similarly. 
Since with the copper catalyst the nanowire growth already shows parabolic growth throughout 
the measurement at 600 
o
C under 100ppm ambient, when the oxygen concentration is increased 
by 10 times, the nanowire growth kinetics should be still controlled by diffusion of cations and 
show the same behavior with the 100ppm case. In other words, the growth curve for 1000 ppm 
ambient oxidation with copper catalyst can be approximated by making both l0 and t0 zero in the 
equation l = √2𝑘𝑝(𝑡 − 𝑡0) + 𝑙0
2 , and this means the growth of catalyzed oxidation is saturated due 
to mass transport limitation in the full range. The growth curves of catalyzed oxidation and non-
catalyzed oxidation under 1000ppm oxygen ambient are plotted together in Figure 5.14a, it can be 
seen that the advantage of introducing catalyst is less than a micron in growth, and that is why 
bulk oxide growth becomes the major contributor at 1000ppm of oxygen and almost diminishes 
the presence of nanowires in this case. So in order to depress the contribution of bulk oxide 
growth, it is important to keep the concentration of oxygen below 100ppm to allow the advantage 
of catalyzed oxidation over non-catalyzed oxidation to be fully exploited, otherwise the rate of 
catalyzed oxidation will be saturated and its advantage will be eliminated.  
Based on the above discussion, the maximum effective nanowire length at a certain 
oxygen partial pressure can be approximated accordingly. Due to the diffusion limited kinetics, 
the maximum length of Fe3O4 nanowire CONG process can offer is limited by 𝑙 = √2𝑘𝑝𝑡 at any 
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time of the growth process. From Figure 5.14a it can be seen that the maximum nanowire length 
occurs around the point where underlying oxide growth enters parabolic regime. So the time 
where maximum nanowire length occurs can be approximated by 𝑡 =
𝑙𝑡
𝑣
, 𝑙𝑡 =
𝑘𝑝
𝑣
 is the transition 
point for the underlying oxide. With this approximation, the maximum nanowire length is in the 
form of 𝑙 = √2
𝑘𝑝
𝑣
. By assuming the linear oxide growth coefficient is proportional to the oxygen 
partial pressure and using v =5.8×10-9cm s-1 under 100ppm oxygen as a basis, the correlation of 
maximum Fe3O4 nanowire length with oxygen partial pressure is plotted in Figure 5.14b.   
In section 5.3.3, it has been shown that the catalytic activities of different transition metals 
in oxygen reduction at 600
o
C under 100ppm oxygen ambient follow the general form of ‘volcano’ 
plot similar to that predicted by ref.[15]. This, again, supports the idea that these transition metals 
help to facilitate the growth of Fe3O4 nanowires through their oxygen reduction activity. However, 
it is still intriguing why in this case copper, instead of platinum, has the best catalytic efficiency 
amongst all metals studied. In ref.[15], Nørskov et al. established the spectrum of oxygen 
reduction activities of different metals by considering the maximum values amongst the energy 
barriers for chemical oxygen adsorption and partially reduced atomic oxygen desorption as the 
energy barrier for the whole oxygen reduction process on the surface of each catalyst. The authors 
assume the reduction rate in the form of k=v·exp(
−𝐸𝐴
𝑘𝑇
),where all catalysts have the same prefactor 
v. Therefore, the activation energy calculated from their simulation is a gauge of the catalytic 
activities of the metals.  From their results, the activation energies of both copper and platinum 
are determined by the desorption of reduced oxygen from their surfaces: e
-
+H
+
+HO*=>H2O. 
Platinum has a lower activation energy and higher activity because the energy barrier for this step 
is lower for platinum than copper. We proposed two explanations for this discrepancy. First, the 
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oxygen desorption process will differ significantly when comparing H2O and Fe3O4 formation. 
Second, the prefactor  may differ, since the active site density near the catalyst/gas /Fe3O4 triple 
line could differ significantly for platinum and copper nanoparticle catalysts.  
The sticking coefficient of copper catalyst can be approximated as follows. The flux of 
oxygen impingement on the substrate surface can be calculated with, 𝛤 =
𝑃
√2𝜋𝑘𝑇
, P and T 
correspond to pressure and temperature during the growth, which are 10pa and 873K  under 
100ppm oxygen ambient at 600
o
C. The flux of oxygen atoms reduced by copper catalyst can be 
approximated by, 𝛾 =
4𝑣𝜌
𝑀
, v stands for the linear growth coefficient of nanowire with copper 
catalyst, 𝜌 is the mass density and M is the molar weight of Fe3O4. Oxygen impingement flux and 
catalyzed growth flux are calculated to be 8.21×10
-3
mol s
-1
 m
-2
 and 5.18×10
-5
mol s
-1
 m
-2
, so the 
sticking coefficient is 6.3×10
-3
. Research demonstrating copper catalyzed oxygen reduction based 
on fuel cell or other electrochemical experiments has appeared in a few places [19], but they do 
not offer enough information to compare the catalytic activity of copper and other metals 
(especially platinum) quantitatively to support the results shown here. However, this research at 
least demonstrates that copper is a really important catalyst for oxygen reduction at high 
temperature and low oxygen pressure, which might find its significance in applications such as 
high sensitivity oxygen sensors[21] and solid oxide fuel cells[22].  
Finally, galvanostatic charge and discharge were used to test the effectiveness of the 
Fe3O4 nanowire array as 3D electrodes for Li-ion battery applications. Using lithium metal as 
both the reference and counter electrode, the variation of voltage with areal capacity of the 
lithiation process of Fe3O4 nanowire array grown at 575 
o
C for 5hrs with copper catalyst was 
collected and shown in Figure 5.15a. This sample is chosen because the Fe3O4 have the largest 
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average length, 7µm, in all of the samples with oxide scale thin enough to be stable during the 
(de)lithiation process. At the lowest current density 0.12 mAcm
-2
, the Fe3O4 nanowire array can 
deliver an areal capacity of 0.83mAh cm
-2
, which is amongst the best results for areal capacity of 
3D electrodes. For example, Taberna fabricated a 3D Fe3O4 electrode with an electro-deposition 
process and only demonstrated an areal capacity of 0.35 mAh cm
-2
 even at the lowest current 
density [23].  The high theoretical capacity of Fe3O4 of about 920mAh g
-1
 when fully lihiated 
probably compensates for the fact that the Fe3O4 nanowires do not densely pack on the substrate 
and fully exploit the footprint area as it is seen in Figure 5.4. At a current density of 0.6mA cm
-2
, 
which corresponds to a rate of 0.5C, the lithiation process of Fe3O4 nanowires has a voltage 
plateau of 0.8V. This can be seen in Figure 5.15a and is better shown in Figure 5.15b with the 
differential capacity—voltage plot. Compared with other 3D Fe3O4 electrodes at similar discharge 
rate, this overpotential is also much smaller [24]. The morphology of Fe3O4 nanowires greatly 
increases the interfacial area between itself and electrolyte, and this in turn depresses the interface 
charge transfer resistance for Li
+
 at the same areal current density normalized by the substrate 
area. The small average diameter of Fe3O4 nanowires ~100nm also significantly reduces the 
transport length needed for both Li
+
 and electron, serving as an extra contribution to the good 
kinetic performance observed here. The power capability of Fe3O4 nanowire electrode is 
compared with other 3D electrode and batteries in Figure 5.16. It can be seen that its ability of 
energy retention at high power is among the best results reported, which is contributed by the 
factors discussed above.  
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5.5 Conclusion  
In this study, growth of Fe3O4 nanowires is chosen as a model system to study the 
catalyzed growth of metal oxide nanowires on metal substrates by different transition metal 
catalysts.  It has been shown that transition metals need to be more noble than iron in order to 
serve as active catalysts of nanowire growth. Growth kinetics measurements indicate that for 
effective nanowire growth the underlying oxide must be growing in the linear or interface reaction 
limited regime. The nanowires initially grow linear, but transit to parabolic growth at longer times. 
The efficacy of different transition metals as catalysts was studied in this work. Copper was the 
most effective catalyst for nanowire growth.Fe3O4 nanowires array has also been tested as 3D 
electrodes for Li-ion microbatteries and showed excellent areal capacity and small polarization 
when compared to literature results. 
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5.6 Figures 
 
Figure 5.1 Schematic representation of the CONG process (a)–(d), where a metal catalyzes 
oxygen reduction, rapid cation diffusion occurs through the oxide scale and along the nanowire, 
and the two species meet at the base of the catalyst. Reproduced with permission from Ref. [12]. 
Copyright 2014 IOP Publishing, Ltd.   
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Figure 5.2 SEM micrographs of oxide nanowires grown from various metal substrates. (a)-(g) 
demonstrate  Cu catalyzed growth while (h) shows Bi catalyzed growth. Reproduced with 
permission from Ref. [12]. Copyright 2014 IOP Publishing, Ltd.   
 
 
                       
 
(a) (b) 
(c) (d) 
(e) (f) 
(g) (h) 
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Figure 5.3 Schematics of an interdigiated 3D microbattery based on metal oxide nanowires 
before (a) and after (b) packaging.  
 
 
 
(a) 
(b) 
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Figure 5.4 SEM micrographs of iron substrate after oxidation with patterned copper catalyst. 
Scale bar=50μm.  
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Figure 5.5 (a) SEM micrograph of cross-section of a iron wire after catalytically oxidized at 
600
o
C under 1000ppm oxygen ambient for 300min with copper catalyst. The scale bars in the 
figure and inset are 100 microns and 5 microns, respectively.  (b) SEM micrograph of cross-
section of a iron wire after catalytically oxidized at 600
o
C under 100ppm oxygen ambient for 
300min with copper catalyst. The scale bars in the figure and inset are 100 microns and 10 
microns, respectively. 
 
(a) 
(b) 
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Figure 5.6 SEM micrographs of the top of iron substrates with different oxide barriers  (a) MoO3 
(b)TiO2 (c)MgO (d) no oxide barrier. Scale bar=10µm.  
 
 
 
 
 
 
(a) (b) 
(c) (d) 
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Figure 5.7 Schematics of proposed role of oxide barrier layer in the facilitation of Fe3O4 
nanowire growth. (a)-(c) oxidation process with catalyst deposited onto a fresh iron surface 
without oxide barrier layer (d)-(f) oxidation process with with oxide barrier layer deposited prior 
to the catalyst coating.  
 
(a) (d) 
(b) (e) 
(c) (f) 
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Figure 5.8 Growth curve of Fe3O4 layer on MgO-coated iron substrate at 600
o
C under 100ppm 
oxygen ambient at different durations of oxidation.  
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Figure 5.9 (a) Growth kinetics of Fe3O4 nanowires catalyzed by Cu at different temperatures.  (b) 
growth kinetics of Fe3O4 nanowires catalyzed by Pd at different temperatures.  
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Figure 5.10 (a) variation of linear growth coefficients of Cu and Pd catalyzed growth process as a 
function of temperature. (b) variation of parabolic growth coefficients of Cu and Pd catalyzed 
growth process as a function of temperature.  
 
(a) 
(b) 
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Figure 5.11 SEM micrographs of morpholgy of top of iron substrates after oxidation at 600
o
C in 
100ppm oxygen solution in argon. (a)-(i) each corresponds to substrate with a thin coating layer 
of Cr, Ti, Ni, Ag, Cu, Au, Pd, Rh, Pt. Scale bar=5µm  (j)  a TEM micrograph of a nanowire 
grown with copper coating layer, the inset is the corresponding diffraction pattern. Scale 
bar=10nm.     
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Figure 5.11 (Cont.)     
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Figure 5.12 STEM micrographs and EDS mapping of corresponding catalysts of individual 
nanowires grown with different catalysts. (a)-(g)  Ni, Ag, Cu, Au, Pd, Rh, Pt.  Scale bar=100nm.  
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Figure 5.12 (Cont.) 
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 Ni Rh Cu Pd Pt Ag Au 
R/r 1.56 1.40 1.60 1.22 1.48 1.87 0.86 
 
Table 5.1  Average ratios of the diameter of different catalyst clusters over the diameter of 
corresponding Fe3O4 nanowires grown with these catalysts. The difference among different 
catalysts are caused by different wetting behaviors of catalyst behaviors.  
 
 
 
Figure 5.13 (a)Average lengths of nanowires grown with different catalysts within a same growth 
time. The growth condition is chosen as 120mins at 600
o
C. The dash line in the plot is the 
approximate length where linear to parabolic growth transition happens. (b) values normalized by 
dividing these data points with R/r ratio in table 4.1 are shown as well.  
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Figure 5.13 (Cont.) 
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Figure 5.14 (a) predicted evolution of oxide thickness as a function of annealing time with and 
without catalyst under 1000ppm ambient with the approximations made in the text. (b) predicted 
maximum nanowire length and growth time needed as a function of oxygen concentration in the 
growth ambient.  
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Figure 5.15  (a) discharge curves of Fe3O4 nanowires plotted as the variation of voltage versus 
Li/Li
+
 at different current densities (b) differential capacity of Fe3O4 nanowires as a function of 
voltage.  
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Figure 5.16 Comparison of energy and power densities of 3D Fe3O4 nanowire electrodes grown by 
catalytic oxidation with other approaches. Reference numbers share the same origins with Figure 1.15.  
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